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PREFACE 

Control of the dust hazard in industry is the joint duty of the 

physician and the engineer. In the preparation of this book we 

have emphasized the cooperative nature of the problem and have 

devoted considerable space to such of the medical aspects as may 

help the engineer to understand the manner in which hygienic 

requirements affect engineering design and operation of dust- 

control equipment. 

So far as possible, only the basic principles are considered. 

The book is written from the engineer’s standpoint but we hope 

it will be of some value to physicians who wish to understand 

more fully the engineering aspects of the problem. Design of 

dust control apparatus is an engineering matter., but it is often 

the physician who finally appraises the success of the control 
system. 

Unfortunately, current practice" in the field of industrial 

hygiene permits the indiscriminate mixing of British and metric 

units. Thus, fans are rated in cubic feet a minute but dust 

particles are measured in microns. We do not support these 

inconsistencies but have merely followed the usual nomenclature 
and practice in this book. 

Many friends and colleagues in this country and abroad have 

helped us with this second edition. At our request some of them 

read critically various parts of the manuscript and others sup¬ 

plied technical material. We extend to them our sincere thanks 

Philip Drinker 

1heodore Hatch 





CONTENTS 

PREFACE 

CHAPTER 1 

PHYSICAL PROPERTIES OF DUST, FUMES, AND MISTS 1 

Definitions. General Properties. Particle Dynamics. Resist¬ 
ance. Terminal Settling Velocity. Acceleration. Dynamic 

Projection. Brownian Motion. Centrifugal Force. Impinge¬ 

ment. Electrical Field. Thermal Precipitation. Flocculation. 

Effect of Air Motion and Humidification. Optical Properties. 

chapter 2 

EFFECTS OF DUSTS AND FUMES UPON MAN 31 

Respiration and Dust Inhalation. Pneumoconiosis. Silicosis. 
Mortality and Morbidity. Employability of Workmen with 

Silicosis. Asbestosis. Prevention of Silicosis. Other Pneumo¬ 
conioses. 

CHAPTER 

INERT AND TOXIC DUSTS 5fi 

Carbonates. Gypsum. Iron. Benign Pneumoconioses. Toxic 
Dusts. Lead. Radioactive Dusts. Manganese. Chromates. 

Cadmium. Arsenic. Selenium and Tellurium. Insecticides. 

Vanadium Fluorides. Metal-fume Fever. Allergic Reactions, 
industrial Dusts. 

chapter 4 

PHYSICAL AND CHEMICAL FACTORS IN 
PNEUMOCONIOSIS 

Silica. Hardness, 
position of Dusts. 

Solubility. Particle Size. Chemical Corn- 
Disintegration and Settlement. 

76 



89 DUST RETENTION BY MAN 

Review. Nasal Filtration. Retention of Dusts—of Gases. 

Alveolar Deposition. Upper Respiratory Retention. Effect of 

Particle Size. 

chapter 6 

THE DUSTY TRADES 96 

Dust Concentrations. Explosive Concentrations. Coal. Food. 
Metal Powders. Lung Analyses. Permissible Dustiness. 
Quartz. Coal. Cement and Limestone. Manganese. Lead. 

Metal Fumes. Cadmium. Arsenic. Fluorides. 

chapter 7 

APPRAISAL OF DUSTINESS 113 

Hygienic Survey. Frequency of Sampling. Weighting Dust 
Exposures. Sampling Rate and Volume. Required Accuracy. 

Engineering Survey. Unit of Concentration. 

CHAPTER 8 

DETERMINATION OF DUST CONCENTRATION 

Settlement. Filtration. Impingement. 

123 

CHAPTER 9 

DETERMINATION OF DUST CONCENTRATION 

(Continued) 
Impinger. Electrical Precipitator. Thermal Precipitator. 

Comparison of Instruments. 

CHAPTER 10 

DETERMINATION OF PARTICLE SIZE 

Collection of Sample—in Pipe Lines—in Still Air Measure¬ 
ment. Screen Analysis. Roller Air Analyzer. Microscopic 

Measurement. Mounting. Selenium Coating. Linear Meas¬ 
urement. Particle Diameter. Cascade Impactor. Elutnation. 

Electron Microscopy. Indirect Measurement. 
Graphical and Mathematical Representation. 

Average Diameter. Irregular Particles. 

Surface Area. 
Curve Fitting. 

166 



CONTENTS IX 

CHAPTER 11 

CHEMICAL AND MINERALOGICAL ANALYSIS OF DUST 200 

Collection of Sample. Size Separation. Determination of Free 
and Combined Silica. Petrographic Analysis of Fine Dust. 
Immersion Method. X-ray Diffraction. Differential Fusion. 

Staining. 

chapter 12 

METHODS FOR THE CONTROL OF INDUSTRIAL DUST 213 

Medical Control. Environmental Control—at Source—by Sub¬ 

stitution—by Wetting—by Enclosure and Ventilation. Air 

Displacement in Handling Solids—in Hot Operations by 

Process Equipment. Plant Layout and Operation. House¬ 

keeping. 

CHAPTER 13 

DESIGN OF LOCAL EXHAUST SYSTEMS 230 

Exhaust-ventilation Requirements. Dust-dispersion Force. Air 

Flow Induced by Falling Objects. Convection over Hot Proc¬ 

esses. Enclosed Hot Processes. Measuring Air Displacement. 

Capture Velocities. Aerodynamics of Exhaust Hoods. Velocity 
Contours. Flanged Hoods. Center-line Velocities. Unob¬ 

structed Hoods. Effective Distance. Exhaust Hood Design. 

Required Ventilation. Experimental Determination. Toxicity 

Requirement. Exhaust Piping. Layout. Adjustable Resist¬ 

ance. Transporting Velocities. Pressure Losses. Low-velocity 
Systems. Source of Suction. Fan. 

CHAPTER 14 

AIR CLEANING 

Definitions. Test Suspensions. Discharge Stacks. Choice of 

Equipment. Dust Loading. Material Collected. Cleaning 
Efficiency. Methods. Costs. Gravitational Settling Cham¬ 
bers. Inertial Separators. Cyclones. 

CHAPTER 15 

AIR CLEANING BY FILTERING 

Loadings. Velocities. Theory of Filtration. Impingement. 

Diffusion. Efficiency vs. Particle Size, Filter Depth, Air Veloc¬ 

ity, Filter Resistance, Loading. Filter Cloths. Temperature 

Control. Filtering Velocity. Life and Upkeep. Recirculation. 

Performance Data. Air-conditioning Filters. High-efficiency 
Filters. Performance Data. Bacterial Filters. 



X CONTENTS 

CHAPTER 16 

SCRUBBING AND ELECTRICAL PRECIPITATION 321 

Performance Data. Equipment. Operation. 

CHAPTER 17 

DUST RESPIRATORS AND AIR MASKS 333 

Definitions. Development. Bureau of Mines Approvals. Ve¬ 

locity and Resistance. Leakage. Valves. Efficiency. Com¬ 
pressed Air for Air Masks. Cost and Upkeep. 

BIBLIOGRAPHY 347 

AUTHOR INDEX 373 

SUBJECT INDEX 389 



CHAPTER 1 

PHYSICAL PROPERTIES OF DUSTS, FUMES, 

AND MISTS 

Suspensions of finely divided particles in air in the form of fogs 

and mists are common natural phenomena. Not so well-known, 

because it is generally not visible, is the dispersed system of 
atmospheric dust that extends over the face of the earth. It is 

only during unusual climatic conditions, such as those of 1935 in 

the Middle West, when atmospheric dust concentrations reached 
staggering levels (Fig. 1), or in the more recent Donora, Pa., 

incident (371), that the public becomes concerned with this 

phenomenon in a practical way. Within certain industries, on 
he other hand, contamination of the atmosphere with dust has 

long presented a problem, if not as a health hazard, then as a 

costly damaging agent against plant machinery or products 

Eve,, without producing measurable damage, dust constitutes a 
nuisance and creates poor working conditions. 

n recognition of the hazards and cost of such contamination, 

grlpNh7o77pm34P7-3e7Te8eS r°f<!r ‘° 00™«,OBdi"« Hems in the Bib.io- 

1 



2 INDUSTRIAL DUST 

the high levels of pollution of an earlier day have been largely 

reduced in the dusty trades. But the potential hazards remain, 

and the control of industrial dust continues as a never-ending 

battle. Beginning with empirical but common-sense measures, 

the dust-control program has now the benefit of considerable 

insight into the nature of dust hazards and is aided by quantita¬ 

tive methods for the measurement and evaluation of dust expo¬ 

sures. An understanding of the physical behavior of dust 

provides an increasingly sound engineering basis for the design of 

dust-control measures. 

Some of the physical properties of dusts, fumes, and mists, 

which are important in a consideration of hazards, in the sampling 

and analysis of such materials, and in their control, are discussed 

in the present chapter. The subject is a large one and, in its 

theoretical aspects, has engaged the attention of physicists and 

chemists for many years. The application of the theoretical and 

experimental findings to the solution of practical problems, such 

as the subject of this volume, however, is relatively new. An 

outstanding contribution of a quarter century ago which brought 

together much scattered material was C louds and Smokes, by 

W. E. Gibbs (183), now unfortunately out of print. This was 

followed in 1932 by Smoke, A Study of Aerial Disperse Systems, 

by Whytlaw-Gray and Patterson (442), and in 1943 Dalla\ alle s 

Micromeritics (93) appeared. During World War II, as in 

World War I, extensive research added enormously to our under¬ 

standing of the physical properties of finely divided matter m air, 

with direct and useful application to the study of industrial-dust 

problems Much of this work has found its way into techmca 

handbooks (245, 335). We shall have occasion to refer many 

times to these and other sources of basic information and shal 

be satisfied, here, to discuss the physical properties of dusts, 

fumes, and mists in only the briefest outline form. 
Definitions. To all the various disperse systems m air, such as 

dust, fog, clouds, mist, fumes, and smoke, Gibbs (183) gave the 

general name aerosol, which is analogous to the accepted ten 

hydrosol denoting disperse systems in water 
' Dust is formed by reducing earthy materials to small si . 

Processes like grinding, crushing, blasting, and drilling pro . 

dust particles of sizes from the submicroscopic to the a isible the 

composition being the same as that of the parent matenal. 



PHYSICAL PROPERTIES OF DUSTS, FUMES, AND MISTS 

Common examples are the mineral dusts derived from the dis¬ 

integration of rock and the organic dusts like wheat and flour. 

Fumes are formed by processes such as combustion, sublima¬ 

tion, and condensation. Typical examples are the fumes from 

burning lead or the zinc oxide produced from zinc vapor. Par¬ 

ticle size is generally below 1 /x. In contrast to dusts, iume 

particles often flocculate vigorously.1 

Smoke “presupposes a certain degree of optical density” (442). 

Generally it is of organic origin, but it may include systems con¬ 

sisting “of particles of low vapor pressure which settle slowly 

under gravity.” We shall use the word with reference particu¬ 

larly to systems that are organic in origin, such as the smoke from 

burning tobacco, wood, oil, or coal. In general, smokes are 

characterized by a particle size below 0.5 n- 

Mists or fogs are formed by the condensation of water vapor 

upon suitable nuclei or by the atomization of liquids. Particle or 

droplet size varies widely depending on the conditions prevailing. 

General Properties of Dusts, Fumes, and Mists. Disperse 

systems of dusts or other finely divided matter in air occupy a 

position with respect to size properties between the colloidal and 

the macroscopic regions. The particles are larger than those in 

colloidal systems; yet they are small enough to exhibit some of 

the properties of colloids and also to have properties not possessed 

by large masses of the substances from which they are generated. 

When a solid or liquid is broken up into finely divided particles 

and is dispersed in the air, two important changes take place: 

(1) the surface area is greatly increased, and (2) the space 

occupied by the dispersed material is expanded many times over 

the volume of the original mass. 1 hus, if 1 cc of quartz is 

crushed into particles of 1 cu u in size, there will be 1012 particles 

with a total surface area of 6 sq m as compared with 6 sq cm for 

the original block. Assuming a dust concentration of 100 million 

particles per cubic foot of air, the 1 cc of material will be dispersed 
in an air volume of 10,000 cu ft. 

1 he effect of these changes is to intensify the chemical and 

physical activity of the material. The rate of oxidation is 

increased so much that substances like soft coal and aluminum 

1 It is usual to speak of acid fumes as denoting a mixture of gas and mist 

particles0 ' '""***'• we *■“ use «*» to designate only solid 
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powder burn in air with explosive violence. Rates of evapora¬ 

tion and solubility are also increased, and the phenomena of 

adsorption and electrostatic activity are intensified. The adsorp¬ 

tion of a gas film on the particle surface may accelerate or retard 

chemical reactions, and it also interferes with physical phenomena 

such as wetting. Since the physiological effect of dust particles 

always is intimately associated with their physical and chemical 

activity, small particles generally are of more physiological 

importance than large ones. 

Similarity between Dusts and Liquids. Owing to the large 

amount of air adsorbed upon the surfaces of fine dust particles, a 

mass of such particles assumes some of the properties of liquids 

and gases. The mass can be compressed, and it splashes like a 

liquid when being carried in a pail. It can be poured through 

a pipe, and ripples are formed when a stone is dropped into a tank 

of dust. 
Dust can be “distilled” by passing air through it; the amount 

carried over varies with the air velocity. A fixed rate of air flov 

will “evaporate” a constant amount, and the air will become 

“saturated.” When the air speed reaches a certain critical value, 

the whole body of dust will be carried over, i.e., the dust “boils.” 

In these examples air velocity corresponds to temperature (293). 

PARTICLE DYNAMICS 

Like any other body, a microscopic particle is attracted toward 

the earth, but because of its relatively great surface area per unit 

of mass and the consequent high air resistance, an air-borne 

particle does not fall with increasing velocity according to the 

ordinary law of gravity. Almost immediately after it starts to 

fall, the air resistance imposed upon the particle balances the 

gravitational force, thus preventing further gain in speed. e 

particle then settles at its constant terminal velocity, which for 

microscopic particles is low, being measured in centimeters and 

even millimeters per hour. As a consequence, dust suspensions 

in air have considerable stability and may persist for long periods. 

Because of the great air resistance it is difficult to project micro¬ 

scopic particles through air and equally difficult to remove ^ 

from the air. In a sense, the finest particles become a part of 

^Th'e dynamic properties of microscopic particles are thus of the 
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greatest importanee in a consideration of dust hazards and their 

control. The characteristics of dust dispersion into the air, the 

spread of dust away from its source of generation or release, the 

control of dusty processes, and the problems of air cleaning are 

all intimately related to the dynamic behavior of air-borne dust. 

Physiologically, these properties are also of major concern for 

they largely determine the depth of penetration and degree of 

retention of inhaled dust in the respiratory tract and, hence, limit 

the lung-dosage rate in relation to air concentration and with 

it the dust hazard. 

General Law of Resistance. Resistance to the travel of a 

particle through air varies with the size and shape of the particle, 

with its velocity, and with the fluidity of the air. These factors 

are combined in the following general equation: 

61 = 

CpA u2 

~Y~ 

where 6t = resistance 

C = coefficient of resistance 

A = projected area of particle 

u = particle velocity relative to air 

p = air density 

The drag coefficient C is not constant for all conditions of motion 

but varies systematically with the dimensionless Reynolds 

number Re = udp/p, p. being the viscosity of the air and d the 

particle diameter. C also varies with the shape of the particle, 

the effect being different for different values of Re. 

The relationship C = /(Re), further simplified from the curves 

of Lapple and Sheppard (275), is shown for spheres in Fig 2 for 

a range of Re from 10^ to >10*. The relationship has been 

divided into three zones according to the nature of dependence of 

C upon Re- For hiSh values of Re (>10:i), C is reasonably 
constant and for spheres has an average value of 0.44. This is 

the zone of turbulent motion where the viscosity of the air has 

no effect For this region, resistance varies with the squares of 
particle diameter and velocity (Newton) thus: 

61 = kpd2u2 

For spheres, k = 0.44 X tt/8. 
varies inversely with Re: 

U hen Re < 3.0, however, C 
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and 

C = 
24 

Re 

(51 = kpdu 

For spheres, k = St. Here, resistance varies directly with par¬ 

ticle diameter and velocity and with viscosity of the air but is 

independent of air density. It is the zone of streamline motion 

for which Stokes developed the foregoing equation. 

Fig. 2. Drag coefficient for spheres vs. Reynolds number. {Adapted from Lapple 

and Sheppard.) 

In the intermediate zone, the C vs. Re relationship is a complex 

one, involving both p and p as well as exponential values ot d and 

u. The function has not been described mathematically except 

in an empirical way (5). An extensive treatment of paiticle 

dynamics is given by Lapple and Sheppard (275) in which the 

zone of intermediate motion is considered more precisely. 

Approximate relationships, however, with rounded exponents, 

are 
14 

and 

C = RS* 

m = 5.5p«m*W‘ 



Terminal Settling Velocities. When a free-falling particle has 

attained its terminal velocity, the air resistance is just balanced 

by gravitational attraction. Consequently, for spheres, 

<R = F, = l d\a - p)g 

where <r is the density of the particle and g the gravitational con¬ 

stant. For spherical particles, the terminal velocities in the 

three zones of motion are derived by equating resistance (ft to the 

particle weight, as above (neglecting the unimportant buoyancy 

of air): 

I. Streamline motion: ut = 

II. Intermediate motion: ut = 

agd2 

18g 
20 {agf'-'d 

M* 

III. Turbulent motion: u, = 
a 

Simplifying these equations for spherical particles falling in air 

at ordinary temperature, p = 1.2 X 10~3, p = 1.8 X 10-4, we 

get, for \ elocity in centimeters per second and size expressed in 
microns, 

I. Streamline motion: 

ut = 0.003<rdw2 

II. Intermediate motion: 

ut = 0.34 <r^dm 

III. Turbulent motion: 

115 
(rlA 

< dn 
2130\ 

/ 

u, = 10 (Ty-dmv- 

The: graph in Fig. 3 is for crushed-quartz particles which, owing 

to heir irregular shapes, fall with lower velocities than do spheres 

of the same diameter. I'he settling velocities and certain other 

Stow law itaeL^S^rS 

U e- the termmal veloclty » 10-M particle is about 1 fPm 
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(l/2 cm/sec) and for other sizes is given by the ratio Ffpm = 
dm2 

100’ 

where dm is in microns. 

Zone Limits. The turbulent zone extends down to Re = 103 

which, for spheres of unit density, corresponds to a lower limiting 

size of about 2 mm; this also applies roughly to irregular mineral 

particles settling in air. 

Fig. 3. Terminal velocity for quartz particles in air. (Adapted from Martin.) 

The upper limit for the zone of streamline motion is defined by 

_ 3 0, giving d for spheres of unit density a limiting value o 

115 m; for irregular mineral particles the upper limit is about So m- 

Thus,’ the intermediate zone for mineral particles falls between 

the approximate limits 85 to 2000 m- « , 
The zone of Stokes’ law also possesses a lower limit, for when 

the particles become small compared with the mean free pa i 

of the gas molecules, it is evident that resistance will decrease 

and, consequently, the terminal velocity increases over the ca cu- 

lated value from Stokes’ equation. A suitable correction Mas 

developed by Cunningham, see Gibbs (183), thus. 

x\ 
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Fig. 4. Size properties of air-borne particulate matter. (After W. G. Frank.) 

where uc is the corrected velocity, us is calculated by Stokes’ 
equation, and X is the mean free path of the gas molecules (about 
10 5 cm, under ordinary atmospheric conditions). For particles 
above Vg the correction is negligible; there is a fivefold increase 
in settling velocity, however, for 0.05-ju particles. 
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In free-air dust suspensions, the gravity settlement of sub- 
microscopic particles is of little importance and their movement 
is conditioned more by natural air currents in space. Diffusion 
is generally the controlling factor in the removal of submicro- 
scopic particles from the air onto collecting surfaces. 

Particle Acceleration during Free Fall. Microscopic particles 
falling in air accelerate from rest up to the terminal velocity 

within a very short distance. There is little interest, therefore, 
in considering the acceleration phase in an analysis of behavior 

of such particles during free fall. The terminal velocity may be 
applied to the entire height of fall. Larger particles, however, 
undergo acceleration over significant distances, and this zone 
must be properly described in many practical problems dealing 

with falling particles. 
Acceleration in Laminar Zone of Motion. Particle acceleration 

at any instant equals the difference between the gravitational 
constant and the particle resistance per unit of mass, as derived 

from a balance of forces. Thus, 

Integration leads to the following equation: 

^ _ 1 _ g— (i/A+uiu)/ui» 

Ut 

where u is the particle velocity after falling distance h and ut is 
the terminal velocity of the particle. This equation applies only 
to particles whose terminal velocities are in the streamline zone 

(<85 m for mineral particles falling in air). 
Acceleration in Turbulent Zone of Motion. Coarse particles 

will pass through the streamline and intermediate zones of motion 
in the course of acceleration in a short distance, and for practical 
purposes the behavior of such falling bodies may be considerei 
only in relation to the drag coefficient imposed m turbulent 
motion. Since the coefficient is taken as a constant (0, 4), the 

velocity increases with distance according to tie o owi k 

equation: 
ir 

W 
= 1 — e~h/h> 
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where u, Ut, and h are as above and ht = Ut~' 2g. In t his equation 

it is assumed that the distance of fall required to reach Re = 103, 
the point of transition from the intermediate into the turbulent 

zone, is negligible. A more exact form of the equation recognizes 

the distance ho and corresponding velocity u0, which mark the 

beginning of turbulent motion: 

u2 — u2 

Ut2 — Uo~ 

g (A *o) / ht 

Acceleration in Intermediate Zone of Motion. Since the drag 

coefficient varies in a complex manner with Re throughout the 

intermediate zone of motion, a convenient statement of the rela¬ 
tionship between velocity and falling distance cannot be written. 

Lapple and Sheppard (275) developed a method for constructing 
the u vs h curve over this zone based upon graphical integration 

of differential relationships. By this method a fraction k is 

derived which corrects the time of fall to reach any velocity, 

calculated on the assumption of streamline motion, to yield the 
actual time for any particle size and velocity. 

The Lapple and Sheppard procedure makes use of the following 
equation: 

3m , _ k 1 
4ad2 C Re 1 - Z2 

where 

Z = u 4% -«. 

4o- gd3p 

The factor k has the values given in Table 1 for different values 

of Z2 and 0 as indicated. In use, a series of velocities are taken 

over the desired range up to the terminal velocity and the corre¬ 

sponding values of Re are calculated. Values of C are then 
obtained by reference to the chart, Fig. 2, and C Re is determined. 

Mnally, Z2 is calculated for each velocity and corresponding 
values of lc are obtained from Table 1. These serial values of 

le, Z , and k together with the appropriate constants are then 

entered in the equation to calculate the time required to develop 
each of the successive velocities. From the time vs velocity 
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curve thus constructed, the relationship between u and h is 

readily obtained by graphical integration, keeping in mind that 

h = \u dt 

Calculations of velocity of fall of a 3-mm particle are given in 

Table 2 in accordance with the Lapple and Sheppard procedure, 

and results are plotted in Fig. 5 together with a similar curve 

calculated for a 1-mm particle. For comparison with these 

Table 1. Values of k for Free-falling Spherical Particles 

Values of k at the following values of <t> 
/. 

10 50 100 1000 104 105 10fi 107 

0. 00 1.00 1 000 1. 000 1. 000 1. 000 1. 000 1. 000 1. 000 

0. 10 1.00 1 000 0. 998 0. 995 0 990 0 987 0 985 0 982 

0. 20 1.00 0 999 0 995 0 990 0 983 0 976 0 970 0 964 

0. 30 1.00 0 995 0 990 0 982 0 975 0 963 0 952 0 945 

0. 40 1.00 0 991 0 984 0 973 0 965 0 947 0 933 0 924 

0 50 1.00 0 987 0 976 0 961 0 950 0 930 0 912 0 900 

0 GO 1.00 0 982 0 967 0 947 0 933 0 907 0 886 0 872 

0 70 1.00 0 976 0 955 0 928 0 909 0 880 0 857 0 840 

0 80 1.00 0 9G8 0 941 0 905 0 877 0 845 0 821 0 801 

0 85 1.00 0 . 9G4 0 934 0 890 0 858 0 826 0 799 0 778 

() 90 1.00 0 960 0 924 0 875 0 835 0 800 0 770 0 .748 

() 95 1.00 0 953 0 913 0 856 0 807 0 768 0 734 0 .708 

0 98 1.00 0 .948 0 .905 0 841 0 .785 0 743 0 700 0 .668 

o 99 1.00 0 .946 0 902 0 .836 0 .775 0 730 0 680 0 645 

1 .00 1.00 0 .943 0 900 0 .830 0 .760 0 700 0 600 0 . 500 

Source: After Lapple and Sheppard (275). 

calculated relationships, the straight line indicates the theoretical 

fall in vacuo. 
Triangles plotted on the 3-mm curve and circles accompanying 

the 1-mm curve represent values calculated by the equation for 

acceleration in the turbulent zone, using in each case, however 

the correct terminal velocity. Terminal fall is in thei turbulent 

zone for the 3-mm particle, but for the 1-mm particle the mot on 

does not exceed the intermediate zone. '1 he agreement is satis 

factory for the 3-mm particle since the shift from ■ntermed.ate 

to turbulent motion occurs at an early point „ the a ' ™ 
for the 1-mm particle, the error in the assumption of turbulent 

motion is not great. 
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Dynamic Projection. Dust particles generated by industrial 

processes are dispersed into air by virtue of the kinetic energy 

imparted to them initially during formation or release. Neglect¬ 

ing gravitational and other field effects, a particle is projected in 

a straight line through the air for a distance which depends upon 

its mass and initial velocity u0 and upon the air resistance. Thus, 

the loss in kinetic energy with 

distance equals the integrated 

product of air resistance and 

distance: 

— M\ udu = f (R du 
J uo J0 

For large particles in the 

turbulent zone, (R = 0.44 X 

7t/8pu2d2 and 

Fig. 5. Particle velocity vs. height of 

fall, compared with Uth = \/2y/i. 

U2 = Uo2e~h/h‘ 

According to this relation^ 

ship, a 2-mm particle thrown 

into the air with an initial 

velocity of 5000 cm/sec would 

travel 2200 cm, or 70 ft, neg¬ 

lecting gravity, before its 

speed is reduced to the limit 

of the turbulent zone (about 

a 1000 cm/sec for 

quartz particle). 

In the streamline zone, on the other hand, (R = 3ir/x du and 

mm 

u = u o 
gh 
ut 

A 10-ju particle with an initial velocity of 5000 cm sec will, by 

this relationship, come to rest in about 4 cm,* and a \-g particle 

will be projected through still air scarcely any distance at all 

(0.4 mm) before its kinetic energy is entirely exhausted. 

The conclusions from these calculations are ol very great 

significance in the study of dust dispersion in industry and in the 

* The distance will he somewhat greater in fact because the beginning 

motion of the particle will be in the intermediate zone. 
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design of dust-control measures (212). They demonstrate the 

important fact that the spread ol microscopic pai tides beyond 

their source into the workroom air is not dependent upon the 

kinetic energy of the particles; such dispersion takes place only 

by movement of air away from the dust source. The stream of 

sparks flying away from a grinding wheel is an example ol 

dynamic projection of coarse particles. These are of no hygienic 

importance, however, because of their size and are of concern in 

the control of dust hazards only to the extent that microscopic 

particles are carried along in the air stream set up by the drag of 

the relatively large fragments. Fundamentally, therefore, dust- 

suppression measures involve the control of air movement around 

dust sources and are not directed toward the dust itself. This 

point is considered more fully in Chaps. 12 and 13. 

Stirred Settling. Under still-air settlement, particles of a 

given size are removed from the air by gravity at a constant rate. 

With complex vertical mixing of the air such as naturally occurs 

in open rooms, however, this is not true and the rate of removal 

decreases with time. We may write, for perfect mixing, 

dn 
n 

n = n0e~(u/h)t 

where n = number concentration of particles in the air at time t 
n = n0 at t = 0 

h = height of settlement chamber 

u = settling velocity 

Both the rate of settling (number removed per unit time) and 

the concentration decrease exponentially with time. The rela- 

tionship may be employed to determine settling velocity and the 

particle size of the suspension from simultaneous measurements 
of n and dn/dt. 

B:i°rrnhM0]ti0n' The mass of a micr°scopic particle is so 
small that it is driven about in the air by the buffeting action of 

sumgrf Tl 1 11 ' equilibrium the vectorial 
sum of molecular blows is zero, and there is no net motion of the 

pai til Ic in any direction. This oscillating behavior is known as 

h“Jr 
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A 
RT 

N 37rjud 

where A = amplitude of motion in a given time t 
R = gas constant 

N = Avogadro’s number 

T = absolute temperature 

Brownian motion increases in magnitude with decreasing 

particle size in contrast to the decrease in gravitational settle¬ 

ment. It is evident, then, that for some given size the combined 

Table 3. Comparative Particle Velocities Due to Gravitation and 

Molecular Impact in Relation to Particle Size 

Particle diameter, 

M 

Gravitational settling 
velocity, cm/sec 

Molecular impact velocity, 
cm/sec 

0.002 12 X 10-* 6.3 X 10-3 

0.01 3 X 10-6 2.8 X 10"3 

0.02 12 X 10~6 2.0 X 10-3 

0.10 3 X 10“4 8.9 X 10~4 

0.2 12 X 10~4 6.3 X 10-4 

1.00 3 X 10~2 2.8 X 10"4 

2.00 12 X 10~2 2.0 X 10-4 

Source: After Gibbs (183). 

effect of the two upon particle movement is minimum, the i da¬ 

tive instability increasing on one side with increasing gravita¬ 

tional effect and on the other with greater molecular impact. 

Gibbs (183) gives the comparative values in relation to size for 

silver particles shown in 1 able 3. 
It will be observed that gravitational and molecular-impact 

velocities are about the same for particles of 0.2-m diameter and 

that molecular velocity is higher for the smaller particles. 1 his 

point of minimum activity at a particle diameter of about 0.25 m 

has great practical importance in the consideration of dust 

behavior. It represents, for example, the most difficult particle 

size to remove from the air by filtration or by retention in human 

lungs. Smaller as well as larger particles are captured more 

efficiently. . . . 
Movement in Centrifugal Field. Particles moving in a rotat¬ 

ing gas stream are subjected to the centrifugal force which drives 

them away from the center of rotation. The centrifugal force is 

given by 
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Fc = t> d\a - p)ro}2 
() 

where co is the angular velocity in radians per second and r the 

radius of curvature of the path. Equating Fc and (R to give the 

terminal centrifugal settling velocity, we get, tor the streamline 

zone, 

uc = 
rco2 

18m 
(<r — p)d2 

Comparing this with the gravitational settling velocity, for the 

same type of flow, the following relationship is obtained: 

ror v2 
Uc Xlg Mg 

9 ry 

where v is the linear velocity of the rotating gas stream. The 

term v2/rg is called the separation factor (285) since it measures 

the effectiveness of centrifugal force as compared with gravity 

for the removal of particles from a gas stream. In cyclone 

design, for example, it is evident that the radius should be small 

and the gas velocity high (see Chap. 14). Starting with the 

equations of motion in a centrifugal field, Davies (103) gives the 

following relationship for calculating the time required for a 

microscopic particle to move radially from R\ to Up. 

At 
R24 - Ri4 

APVoRS 

where Ri and R2 = inner and outer radii of the gas stream 

To = linear velocity of rotation 

P = dimensionless parameter 

p = (a ~ p) d2Vo _ utVo 

ISpRo gR2 

By equating t to the time of descent in a cyclone of normal design, 

Davies derived the following for the minimum size particle 
removed by the centrifugal force: 

dtnin 

36 pR, 

8(cr - p)VoH/R, 

where II is the cyclone height. 
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Impingement. Particles collect on the surface of an obstruc¬ 

tion around which dust-laden air flows. This is a form of cen¬ 

trifugal precipitation resulting from the inertial resistance of the 

particle to change in its direction of travel in conformance with 

the streamlines of the flowing air. It is evident that the strength 

- Flow streamline 

of the precipitating force will vary with the kinetic energy in the 

particle (mass and velocity), with the air resistance imposed upo 

the particle, and with the sharpness with which the a. 

breaks around the obstruction. Assuming that nil par 

which come in contact with the surface are retained then the 

efficiency of collection is proportional to the ratio x/I\ “shown 

in Fig 6. Davies (103) presents the following relations p 

between efficiency E and the dimensionless ratios: 
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E = f(P, Re, 
Vo DbP d\ 

M 'Do) 

19 

A high air velocity increases both P and Re. For large values of 

Db, Re is also increased, but this is more than offset by the 

lessened values of P and d/Db. Therefore, the finer the obstruc¬ 

tion, for example, the fiber in an air filter, the higher is the effi¬ 

ciency of collection. For obstructions of simple geometric shape, 

such as a cylinder or sphere, the pattern of streamlines and, hence, 

the ratio x/Db can be derived from classical hydrodynamics, but 

experimental determinations are required for complex shapes. 

Efficiency curves derived for three simple obstructions in a 

laminar-flow stream, for microscopic particles, are shown in 

Fig. 6 (335, 271). Application of these relationships to design 

and to the analysis of performance in certain types of air-cleaning 

apparatus is considered in Chaps. 14 and 15. In filtration, the 

collection of submicroscopic particles depends upon diffusion 

rather than inertial impingement (see Chap. 15). 

A special application of inertial impingement is seen in the 

design of a number of dust-sampling instruments in which the 

dust-laden air is discharged through a nozzle at high velocity 

against a closely positioned collecting plate. The sharp 90-deg 

bend in the air stream creates a strong centrifugal field, resulting 

in the deposition of particles in proportion to the dimensionless 
parameter: 

p _ ad2v _ u,v 

lSfih gh 

where v is the jet velocity and h is one-half nozzle width (301). 

The design and performance of impinging instruments in relation 

to basic physical relationships is considered in Chap 8 

Movement in an Electric Field. Here the force of attraction is 

the electric gradient acting upon charged particles, and this may 

be equated to the air resistance to give the precipitation velocity 
in the streamline zone: 

Fe — Ene = 3t/jl du 

u — ^ne 
r/id 

where E is the field strength in electrostatic units 
and ne the charge on the particle. 

per centimeter 
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For particles larger than 0.5 n, for which the charging process 

is rapid, Davies gives the following relationship from Rohmann 

(351) and Ladenberg (266) between charge and particle size: 

ne - 2 
e + V 

d2 

where E0 is the field in the charging space and € the dielectric con¬ 

stant of the particle. For conducting particles this becomes 

3E0d2 
ne = —— 

In the case of smaller particles Davies states that a full theory is 

lacking, but for small currents and moderate strength 

ne = 4.25 X 10“4d 

From these relationships we have, for large particles, 

pE2d 
u = 

12x JLl 

where 

and for small particles (<}i n) 

9.5 X 10-bF 
U = -- 

t)7TfJL 

These equations give the values of precipitating velocity in 

relation to particle size shown in 1 able 4. 

Table 4. Electric Precipitating Velocity in Relation to 

Particle Size 

Conducting particles in a field with E = 10 esu (3000 volts/cm) 

Particle Radius Velocity, cm/sec 

too 885 

10 88.5 

1 8.85 

0.1 0.88 

All sizes (small) 2.8 

Source: After Davies. 



PHYSICAL PROPERTIES OF DUSTS, FUMES, AND MISTS 21 

Thermal Precipitation. The presence of a clear area around a 

hot rod in dust-laden air was demonstrated by Aitken (3) who 

showed that smoke could be removed quantitatively from air 

passing through a hot-cold tube, the smoke precipitating on the 

cold surface. The precipitating force, according to Cawood (72), 

results from the decrease in concentration and velocity of the gas 

molecules along a temperature gradient. Equating the excess 

momentum acting on the upstream side of the particle to the air 

resistance, Cawood obtains the following relationship for thermal 

precipitating velocity: 

where p = gas pressure 

T = absolute temperature 

dT/dx = uniform thermal gradient in hot-cold space 

The dependence of u upon the particle diameter in the equation 

is not correct, according to Cawood, but results from a basic 

assumption made in the formulation respecting convection cur¬ 

rents. For particles of microscopic size (>\), Davies (103) gives 
the following equation: 

0.03C drr 
u 

The thermal force is small, and to secure a significant precipi¬ 

tating velocity, dT/dx must be made high. This is accomplished 

in the dust-sampling thermal precipitator (Chap. 9) by making 
the distance x very small. 

1 hermal precipitation accounts in part for the blackening of 

cold walls above radiators and for the pattern of dust deposit on 

plastered ceilings. It has not been applied to large-scale air 

c eamng, although it is employed commercially for the collection 
ot lampblack. 

FLOCCULATION 
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and others (442) showed that the rate of flocculation in still air is 

predictable and that suspensions of such fumes clear up rapidly 

owing to the formation of floes with sufficient mass to settle. 

Particulate masses of fumes also tend to stick rather tenaciously 

to vertical walls and other surfaces with which they collide. 

The time course of flocculation in a homogeneous smoke, 

measured by the decrease in the number of separate particles in 

the suspension, is given by the relationship (442) 

1 

n 

dn 

dt 

n0 

kn2 

kt 

where n is the number concentration at time t and k is a constant 

which is independent of particle size and concentration,1 having 

the calculated value of about 3 X 10 10 cc/sec and a somewhat 

larger value in experimental clouds. Expressing the coagulation 

rate as the percentage decrease in number concentration per 

hour (245) 

—100 — = 1.08 X 10-bi 
n 

it is seen that, with dust concentrations ordinarily encountered, 

the rate of flocculation is negligible; thus, with an extreme dust 

concentration of n = 10* per cubic centimeter (300 million per 

cubic foot), it amounts to only 1 per cent per hour. For typica 

industrial dusts this concentration would exceed 100 mg/cti m. 

In contrast, a fume with a particle size of 0.1 a will undergo o0 per 

cent flocculation in the same time when the weight concentration 

is no more than 1 mg/cu m. These differences in particle size 

and concentration of industrial dusts as compared with times 

explain the relative unimportance of flocculation in dust clouds. 

As a dust cloud clears up, the size of the particles remain g 

suspension decreases and the degree of dispersion increases «, 

the ratio of flocculated to discrete particles becomes less. 

; r»,rz .in, '■ • “srsAtast; 
sin,- distribution has additional effect on k. The shape or 

negligible influence. 
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versely, the percentage of floes and their size both increase with 

the age of a metallic fume cloud. This difference between dusts 

and fumes is nicely demonstrated by Brown’s photographs (58) 

in Fig. 7. 

0 24-32 

103-128 220-250 500-590 

MgO—Minutes after cloud formation. 

0-2 29-34 

CaC03—Minutes after cloud formation. 
Fig. 7. Variation in 
with age of cloud. particulate size of magnesium oxide and calcium carbonate 

{After Brown, courtesy J. Indust. Hyg.) 

in 1 for^omS.“n^erations have to do with direct flocculation 
m air There is another and quite different source of dust 

flocculation which has considerable practical importance This 

18 ‘elated t0 the of dust cloud and the way H is dt 
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persed into the air. We may properly distinguish between true 

dust-generating processes, wherein microscopic particles are 

formed from larger masses and are immediately distributed into 

the surrounding air, and the simple dispersion of dust from a bulk 

of previously ground material. In the first case, the degree of 

flocculation in the dust cloud will be subject to the foregoing law 

and thus limited by the concentration. A cloud formed by 

simple dispersion, on the other 

hand, may exhibit a marked 

degree of particle aggregation 

simply because these aggregates, 

naturally present in the original 

bulk material, are not broken up 

in the dispersing process. The 

aggregates are tenacious, and a 

high degree of dispersion from 

bulk is therefore obtained only 

with a considerable expenditure 

of energy. The dust generated 

by pneumatic chisels in stone¬ 

cutting, for example, is relatively 

highly dispersed, whereas the 

cloud arising during the handling 

from storage and packaging of 

previously ground silica is chai- 

acterized by considerable floccu¬ 

lation Aggregates of fine particles take on the dynamic proper- 

ties of equivalent large particles. Hence, they are relatively easily 

removed from the air and, when inhaled, are retained in e 

upper respiratory tract. A dust cloud formed by simple dispcr- 

sion from bulk is inherently less dangerous, therefore, than 

same concentration produced by a true dust-generating process 

This practical aspect of dust flocculation has received too lit Ic 

attention in the analysis of dust hazards. No quantitative dis- 

",1 is ordinarily made between the relative degrees o 

aggregation in dust clouds, despite the fact that very ma 

differences of considerable physiological importance do exist 

(2The Effect of Air Motion and Humidification upon Flocculation. 

Turbulent air motion accelerates the formation of floes owing to 

Fia. 8. Effects of turbulent air 
motion and of steam jets (local 
humidification) on the stability of 
silica dust clouds. Dry air refers to 
normal room air with about 50 per 
cent relative humidity—not chemi¬ 
cally dried air. (Courtesy J. Indust. 

Hyg.) 
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greater frequency of collision as compared with the rate in still 

air (417). This applies to suspensions of fumes and mists which 

flocculate easily, but no great improvement is observed with true 

dusts. Thus, in Figs. 8 to 10 are shown the comparative effects 

11 
. ZnO Fume(Zn + KCL03) 

" i 6® Still air; dry, then fans 

10 
\ CA Still air. humid 

■ EH Still air dry, then 

9 

8 

■~
S

3f
5

 
-
1
_

 

steam and fans 

7 - J H-Steam and fans 

</> 
£6 

»v 
75 
C 
c 5 

\ "Fans started 

o ° 
-4- 

§4 

\k 
\\b 

Lu 

3 
\\ 

* f \\jFans stopped 

2 

1 

0 . -1-1-1_I l i-1-1-1-1-1 i 

0 1 2 3 4 5 6 
Hours 

Fig. 9. Stability curves of zinc oxide 
fume made by exploding zinc powder 
and potassium chlorate. Note the 
effects produced by turbulent air 
motion and by steam jets. Both 
cause the particles to aggregate into 
units large enough to fall out of the 
suspensions. (Courtesy J. Indust. 
Hyo) 

of air motion upon the settling 

rates of dusts, fumes, and smokes. 

Commenting upon these curves, 

Drinker, Thomson, and Finn 

(129) state that “turbulent air 

motion was found to have no 

effect on silica dust, a marked 

effect on freshly generated zinc 

Fig. 10. Stability curves of tobacco 
smoke. Air motion appears to exert 
less effect on tobacco smoke than on 
zinc oxide (see Fig. 9). Curve C 
represents air saturated with mois¬ 
ture before the smoke was intro¬ 
duced—i.e., general humidification. 
(Courtesy J. Indust. Hyg.) 

oxide, and a considerable effect on tobacco smoke.” A fume of 

lead particles, which do not flocculate vigorously, probably would 
not be greatly affected by air motion. 

\ anations in the humidity of the air below saturation have no 

effect upon the stability of aerosols. It, is sometimes alleged that 

dustiness in a factory is worse on still, humid days than in dry 

weather because of the greater stability of the dust cloud We 

have never seen figures to substantiate this claim; it may have 

ansen from the fact that dustiness is far more apparent In we t 
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than in dry weather and also from the fact that the greater air 

movement on dry days carries away more dust. 

Supersaturating the atmosphere with moisture does have a 

noticeable effect upon suspensions of dusts and fumes owing to 

the fact that the particles act as nuclei upon which the moisture 

condenses. The application of live steam in air cleaning is more 

effective than a water spray. In Figs. 9 and 10 is shown the 

rapidity with which clouds of zinc oxide and tobacco smoke can 

be cleared up with steam. In contrast to this, Warren (436) 

found the efficiency of water blasts for cleaning mine air to be 

only 62 per cent. During dry drilling, external water blasts 

do not improve conditions, according to Harrington (206), while 

Gray (188) states that water blasts and sprays fail to bring down 

the really fine dust.1 

OPTICAL PROPERTIES 

The presence or absence of suspended dust in the air is easily 

demonstrated by directing a beam of light through a darkened 

room containing the dusty air. The beam will not be revealei 

unless there are suspended solid or liquid particles to reflect the 

light. This test, which was first used by Tyndall in his classic 

studies of atmospheric pollution, is one of great sensitivity. 

The optical behavior of an aerosol varies with the nature of the 

suspended material, such as its transparency and shape, but it is 

influenced to a greater degree by the size of particles in t e 

suspension. Distinction may be made in this connection between 

two classes of particles: those larger than the wavelength of light 

which reflect and refract light according to the general optical 

laws and a second group containing particles sensibly smaller 

than the wavelength of light. These particles scatter light, in all 

directions with an intensity that vanes with the wavelengt 

the light- the light is polarized to a considerable extent. Ihe 

St scattered by large particles is also polarized to some extent 

in a plane perpendicular to the incident beam- 
Particles Larger than the Wavelength of Light. I olman 11 m 

has"shown that the intensity of light reflected by particles larg 

than 0.6 to 0.7 n is given by the equation 

i Sec Chap. 16 for a discussion of spray-type air cleaners. 
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I 
kc 

~d 
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where / = intensity of reflected light 
c = concentration (weight) of dust per unit volume 

d = particle size 

Since 
7r 

c = -x d3<rn 
o 

where a = density of dust particles 

n = number of particles per unit volume of the suspension 

we may write 

I = k'nd2 

where k' includes several physical constants pertaining to the 

dust. Thus, the strength of the Tyndall beam varies directly 

for™1 if ^latl°n betwecn tyndallmeter reading and particle size expressed in 
terms of M„ and <t„. (Courtesy J. Franklin Inst.) 

with the surface area concentration of the particles in the sus¬ 

pension. For equal weight concentrations per unit volume. 

however, the strength of the beam varies inversely with size 
(Fig. 11). 

Particles Smaller than the Wavelength of Light In this 

region the intensity of the beam varies, according to Rayleigh, 
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with concentration, size, and wavelength of the incident beam 

in the following manner: 

lend,6 _ k'cd3 

1 ~ X4 X4 

where X = wavelength of light 

Again, the intensity varies with the concentration of dust in 

the suspension. It is also influenced to a considerable degree 

by the wavelength of light; red rays, for example, are scattered 

with only one-twelfth the intensity of the rays at the short end 

of the spectrum. Conversely, the long rays are transmitted 

through a suspension to a greater degree than the violet rays. 

Hence, the Tyndall beam developed by minute particles appears 

blue in color when viewed at right angles and red when examined 

from the end. This explains the blue color of the sky, which is 

produced essentially by light scattered by gas molecules and 

minute particles, and the red at sunset, which comes to us by 

transmission through the dust atmosphere near the earth’s 

surface. 
For ecpial weight concentrations, the intensity of the scattered 

light increases rapidly with particle size to a maximum in the 

region corresponding to the wavelength of the incident beam and 

then decreases less rapidly with a further increase in size, the 

exponent of d changing from 3 to -1. This is nicely shown m 

terms "of the variation in st rength of the transmitted beam wit i 

particle size (407) in Fig. 12. . r , , 
A. more complete theoretical treatment of the laws of light 

scattering by small particles was developed by M.e (313). 

During World War II, this was employed extensively m the 

optical study of homogeneous aerosols by La Mer and associa es 

(245) who developed methods for determination of particle sue 

and concentration, based upon the selective scattering and trans¬ 

mission of light of different wavelengths and the variation i 

degree of polarization with particle size. The method is limded 

however, to the study of particles of uniform size and has 

anolication to the study of heterogeneous industrial dm t.. 

a Obscuring Power. The intensity of a light beam passing 

through a dust suspension when viewed on end decreases with an 

increase in the distance from the light source as well as with < 

increase in dust concentration. Simon and Ins coworkers (389) 
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have shown by theoretical considerations, assuming a suspension 

of opaque spherical particles of uniform size, that the intensity 

of light changes according to the logarithmic equation 

L = L0e_n(ir/4)(i2* = L0e6ml/4<rd 

where L and L0 = intensities of incident and emergent beams, 

respectively 

l = length of path between points where L0 and L 
are measured 

n = number of particles per unit volume of air 

m - weight concentration of dust per unit volume 
of air 

O = density of material of which the dust is 
composed 
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Written in another way, this relationship shows that the per¬ 

centage reduction in light for a given column of the dust-laden air 

is constant, regardless of the intensity of the incident beam, and 

that the percentage value varies directly with the number of 

particles, length of path, and square of particle size. 

The correctness of this theoretical equation was demonstrated 

by Simon (389), who describes a method of measuring the rela¬ 

tively heavy concentration of dust in blast-furnace gas based 

upon this equation. 

It is frequently suggested that this phenomenon could be used 

as a simple method for determining the concentration of dust in 

an industrial establishment. The application of the above equa¬ 

tion to a practical problem, however, indicates the fallacy of this 

contention. Assume a concentration of 10 million particles pei 

cubic foot of air (350 particles per cubic centimeter) with a 

uniform diameter of 2 n, and determine the distance l necessary 

to reduce the light intensity only 5 per cent, i.e., from 100 to 95. 

Entering these values in the above equation, we get 

l = 47 m 

Obviously, this distance is too great for practical use, although to 

be effective any dust recorder must be sensitive to a degree as 

close as 10 million particles per cubic foot. 



CHAPTER 2 

EFFECTS OF DUSTS AND FUMES UPON MAN 

Exposure to dusts can produce several distinct types of dis¬ 

ability: (1) the pneumoconioses are caused only by dust inhala¬ 

tion; (2) systemic toxic effects are produced as the result of 

either breathing or swallowing of certain dusts such as lead and 

manganese; (3) metal-fume fever is caused by inhaling certain 

metallic oxide fumes; and (4) an allergic reaction, as typified by 

hay fever, is the direct result of breathing pollen or other organic 

substances. Dust inhalation is the usual cause of disability; only 

in the case of a few dusts are there other modes of entrance. 

Respiration and Dust Inhalation. The lungs are nonsym- 

metrical bilateral structures encased in a rather elastic cavity, 

the chest, and they communicate with the nose and mouth 

through the trachea, or windpipe. The left lung has two divi¬ 

sions, or lobes, and the right lung has three; the right lung is 

about 12 per cent larger than the left. (Fig. 13) 

RIGHT BRONCHUS TRACHEA LEFT BRONCHUS 
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UPPER LOBE I 
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1 :• / ' 

BRONCHIAL—•/ 
RAMUS TO 
MIDDLE 
LOBE 

MIDDLE—( 
LOBE i 
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TO LOWER 
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LOWER LOBE 
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I’ig. 13. Lungs, bronchi, and trachea. 

31 
{After Sobotta and McMurrich.) 
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In the normal adult, the trachea is about 2 cm in diameter and 

is fortified with ringlike cartilage with an opening in the posterior 

part. The trachea is, therefore, strong, fairly rigid in front, and 

somewhat elastic in back. At the approximate level of the 

fourth rib, the trachea branches into the bronchi, and these in 

turn subdivide into bronchioles which lead to the terminal air 

sacs, or alveoli. It is in the alveoli that gas exchange takes 

place between the blood and air. Oxygen is taken up by the 

red blood cells, and carbon dioxide is given off. 

Table 5. Oxygen Consumption and Volume of Breathing by Man 

Oxygen consumed 

at 0°C. and 760 

mm. pressure, liters 

per minute 

Air breathed 

at 20°C., liters 

per minute 

T?nsfintr in bod. 0.24 6 

Si t.f.i n p . 0.30 7 

St,nndinPr . 0.36 8 

AATnllrinir 9 m D h . 0.65 14 

Walking 4 m.p.h. 

Slow run . 

1.20 

2.00 

26 

43 

3.00-4.00 65-100 

Source: After Henderson and Haggard (231). 

The amount of air breathed and the oxygen consumed vary 

with the task performed and with the individual’s size. The 

figures for an athletic man weighing 150 lb are shown in 1 able 5. 

The untrained man is apt to exceed these figures when per¬ 

forming comparable exercise-thus, in a contaminated atmos¬ 

phere, the untrained person will work harder and breathe more 

often than the trained athlete. 
The inspiratory and expiratory phases are not exactly a , 

hut practically we may consider each as taking half t 

required for a complete respiratory cycle. Thus iiut . a minute 

volume of 50 liters, the actual inspiration is at the rate of 100 

liters/min and momentarily rather high velocities occur in 

trachea. The velocity in the alveoli proper, however is prac- 

ticallv zero at all times because each alveolus is a dead e . 
s.S surge back and forth with respiration must be very close 



EFFECTS OF DUSTS AND FUMES UPON MAN 33 

to still-air conditions. Thus there cannot be any driving or high¬ 

speed impingement of dust particles into the lung tissue. 

Any impediment to breathing is annoying, and if severe itmaj 

be alarming. No one, strong 

or weak, will voluntarily work 

under conditions that cause 

respiratory embarrassment. 

This fact is of the utmost 

importance in the design of 

protective equipment, as will 

be shown in Chap. 17. 

The Fate of Inhaled Dusts. 

A dust particle the size of a 

common pollen grain (15 to 

25 m) is likely to be caught in 

the nasal passages or at the 

back of the throat. If it 

should enter the trachea near 

the center line, there is no 

reason why it should not pass 

on down to the bronchi, but 

it is not likely to reach the 

alveoli. Collection of such a 

particle is the result solely of 

chance impact against the 

moist walls of the respiratory 

tubes. Obviously such impact 

takes place most effectively 

with particles large enough to 

have appreciable momentum 

and rapidly ceases to be effec¬ 

tive as the particles approach 

sizes at which they move as an 

integral part of the transport¬ 

ing gas. Lining the trachea 

and extending down to the 

lower ends of the bronchioles 

j*'' 

Imcj. 14. Phagocytic cells containing 
dust, from sputum of man working in 
a dusty plant. (Courtesy J. Indust. 
Hyg.) 

—it'.v fl!ellS Cr WhiPlik0 aPPen(^a£es> Cilia, which carry 
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likewise are bathed in mucus and lined with cilia. All the mucus 
moves toward the exits of the nose and mouth and is never 
stagnant. 

Within the alveoli are other cells, phagocytes, which are 
brought out in vast hordes by the stimulus of foreign bodies, 
such as dust particles, which they engulf (Fig. 14) (123). The 
dust-laden cells, which have the power of independent motion, 

RIGHT TRACHEAL 
LYMPH NODES 

RIGHT SUPERIOR 
TRACHEO¬ 
BRONCHIAL 

LYMPH NOOES 

LEFT TRACHEAL 
LYMPH NOOES 

LEFT SUPERIOR 
TRACHEO¬ 
BRONCHIAL 
LYMPH NOOES 

NTERBRONCHIAL 
LYMPH NOOES 

INFERIOR 
tracheobronchial 

LYMPH NODES 

Fig. 15. Position of lymph nodes in relation to the trachea, the bronchi, and the 

pulmonary artery. (After Gray’s Anatomy.) 

may pass through the walls of the lung tissue into the lymph and 
thence into the blood capillaries surrounding the lungs, or they 
may pass to the finer bronchioles, from which they are removed 
by ciliary action; thus they eventually reach the mouth and are 
spit out or swallowed. Within the alveoli there are neither cilia 

nor mucus. . . ,, , „ 
Most of the dust-laden cells, however, migrate into the lym- 

phatic system, which starts as a meshwork of fmc vessels an 
drains the tissue spaces. These fine vessels come together, 
forming larger and larger vessels which finally discharge t c 
lymph into the blood stream (Fig. 15). At the vanous bifurca¬ 
tions of the trachea and the bronchi, the lymph passes through 
glands or lymph nodes, one of whose functions is the filtration of 
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foreign bodies. It is at these tracheobronchial lymph nodes that 

a great deal of dust is deposited by the phagocytic cells, and it is 

here that fibrosis of healthy lung tissue starts, following quartz- 

dust inhalation. 

Dust particles can pass from the alveoli into the lymph circula¬ 

tion without having been phagocytosed (118). Such particles 

then can be picked up by phagocytes at any point in the lymph 

stream or in a lymph node, the latter being particularly suited to 

such phagocytosis. 

Fenn (149) found that all dusts are not phagocytosed with the 

same readiness; he gave cells an equal chance to ingest various 

dusts and found that quartz was among those least preferred. 

Gardner and Cummings (176) noted that the motility or rapidity 

of migration of cells differed with different dusts, but no prog¬ 

nostic use has been made, so far as we know, of these interesting 

observations. 

PNEUMOCONIOSIS 

It has been recognized for centuries that excessive dust inhala¬ 

tion can produce serious pulmonary disease which has been 

known in the various dusty industries as miners’ asthma, miners’ 

phthisis, grinders’ rot, etc. Zenker (458) in 18G7 proposed the 

general name pneumonokoniosis (a lung containing dust) in place 

of the special names applied in certain industries. Later this 

was shortened to pneumoconiosis (240) by no less a body than 

the International Labour Office, but various spellings continue 

The wort originally implied that the lung had been seriously 

(.imaged by dust—enough to cause disability—but the meaning 

as been broadened in recent years to include all pulmonary 

mTarmless0113 ^ mhalati°n’ 'vhether the dus‘ « injurious 

Silicosis and asbestosis are still the most important forms of 

pneumoconiosis. Names such as silicatosis, anthracosis anthrl 

cosiheosis, siderosis, and byssinosis have been given to other 

JZlKSrSSr1"" — « • <££ 
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containing silica (Si02) characterized anatomically by generalized 

fibrotic changes and the development of miliary nodulation in 

both lungs, and clinically by shortness of breath, decieased chest 

expansion, lessened capacity for work, absence of fever, increased 

susceptibility to tuberculosis. ...” The International Silicosis 

Conference at Johannesburg in 1930 defined silicosis (241) as a 

Flo. 16. Silicosis. above, fine nodules below. (After 

Gardner, courtesy U.S. Public Health Service.) 

“pathological condition of the lungs due to the inhalation of free 
patnoiogn Tf be nro(luced experimentally in animals. It 

rJS-iW.-i 

manent; an unaltera . £ prol0nged exposure to these 

prime importance is tibility to tuberculosis, more so 
dusts results in increase > • d showed in the labora- 

had long been 
tory the great importance 
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recognized in industry. Deaths from uncomplicated lung 

fibrosis caused by dust are infrequent, but they have been 

reported (348). 
Free quartz seems to possess a peculiar cytocidal power and 

can kill phagocytic cells which disintegrate and thereby release 

their dust load. The surrounding tissue then begins to fibrose 

and gradually becomes more or less stringy, as is shown in Fig. 16 

and 16a; such fibrotic nodules contain dust. 

Fig. 16a. Barre granite cutter. Two isolated silicotic nodules. Cellular connec¬ 

tive-tissue borders and hyaline fibrous centers. Thickened interlobular septum 

extending upward to the left of the right nodule. Note dilated lymph vessels in 
septum. (After Gardner; courtesy U.S. Public Health Service.) 

Characteristics of Silicosis. In 1930 silicosis was conven¬ 

tionally reported as being present in one of three stages. In the 

first, the disease did no measurable harm (and produced no dis¬ 

ability). The victim could work as well as ever. But as his 

condition progressed to the second stage, his respiration was 

affected, he was bothered by dyspnea, or labored breathing. If 

his dust exposure continued (and often even if he kept out of 

dusty air), he was likely to reach a third stage in which dyspnea 

became severe and to contract pulmonary tuberculosis, generally 

with fatal results. Whether he developed tuberculosis or not, 

t ie health of the person with advanced silicosis was far below 

normal. We question whether such divisions are valid today 

simp y because the epidemiological picture of silicosis has 
changed so. 
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Silicosis is diagnosable by x-ray only if a good history, with 

proof of adequate dust exposure, is available. Anyone with 

normal vision can follow the changes that appear in a series of 

x-ray plates of the chest taken of a man who has had a severe 

dust exposure over a number of years and ultimately died of 

silicosis. Such a series is, today, something of a curiosity. The 

modern medical student is about as apt to see a case of typhoid 

fever as he is one of silicosis; so familiarity with the disease is not 

to be expected. 

Silicosis and Duration of Exposure. Silicosis may not become 

disabling until some years after dust exposure has ceased. 

Watkins-Pitchford (437) gave examples of Welsh miners who 

passed the physical examination for enlistment in the British 

army, fought in the trenches through \\ orld War I, then came 

back to England and died of silicosis. Britton and Head (54) 

gave more detailed examples of similar latent effects in the 

United States.1 
This problem of latency may be embarrassing—it is not 

reassuring to a client to state that some dust-control measure you 

recommend cannot really be appraised until the men exposed 

have worked through this vague latent period. 

Harrington (207) of the U.S. Bureau of Mines assembled data 

on the length of exposure required to give definite silicosis; these 

showed that first-stage silicosis could develop in as short a time 

as 8 months. Among foundry workers where the risk is low, 

McConnell and Fehnel (305) in 1934 and Pope and Zacks (338) 

in 1935 found first-stage silicosis only after long employmen . 

But in severe quartz-dust exposure the condition is very likely 

to progress and to become complicated by tuberculosis whether 

the man leaves his dusty occupation or not. Thusi the lengt 

of exposure that will produce the disease varies with the working 

conditions and individual susceptibility. 
In Great Britain the reports of the Chief Inspector of Factories 

show the number of deaths from silicosis as well as the ages °f the 

victims We show Tables (i and 7 taken from the reports ot . • 

ami 1947. One could compile the yearly figures and the rates for 

silicosis but we believe that the progressive increase m age at 

death is the important item. We doubt the value o year^y 

figures or of rates because of this vague latent period o the 

, We emphasize it further in Fig. 34, p. 107, from South African da a. 
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disease which makes it impossible to fix causative exposures with 

any semblance of accuracy. 
From all parts of the industrial world the indications clearly 

point to a lengthening of the time required to produce silicosis. 

Table 6. Fatal Cases of Silicosis and Asbestosis Investigated up to 

End of 1934 (Great Britain) 

Number 

of 

deaths 

Average 

age at 

death 

Duration of 

employment, years 

Maxi¬ 

mum 

Mini¬ 

mum 

Aver¬ 

age 

Silicosis. 261 55.4 60 2.3 34.8 

Silicosis with tuberculosis. 315 52.5 67.0 2.0 32.0 

Asbestosis. 41 41.0 27.0 1.5 12.9 

Asbestosis with tuberculosis. 26 38.0 29.0 0.8 9.9 

Source: After Bridge (52). 

Table 7. Fatal Cases of Silicosis and Asbestosis Investigated up to 

End of 1947 (Great Britain) 

Number 

of 

deaths 

Average 

age at 

death 

Duration of 

employment, years 

Maxi¬ 

mum 

Mini¬ 

mum 

Aver¬ 

age 

Silicosis. 1037 58.2 62.0 1 .5 34.3 
Silicosis with tuberculosis 1046 53.6 67.0 0.7 31 3 
Asbestosis. 160 47.5 48.0 0.5 14.9 
Asbestosis with tuberculosis. 72 39.0 29.0 0.8 10.4 

Source: After Barnett (25). 

The improvement is partly due to the decreased incidence of 
tuberculosis and not solely to better working conditions. In 1913 

t e 1 letropolitan Life Insurance Company established a tubercu- 
osis sanitarium tor its own employees, and in 1945 they cele¬ 

brated its abandonment because they no longer had enough 
patients to justify maintaining it. This event comes close to 

th?f r m.' ft0ne ?ubl!c health alld sl»»vs how spectacularly 
the tuberculosis rate is being reduced. 
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Joseph (249), summarizing 25 years’ experience (1913 to 1938) 

in the Rand mines, shows (Fig. 17) the remarkable lengthening in 

the exposure time needed for development, of silicosis in that 

famous mining community. 

We have no data to prove it, but our opinion is strongly that 

this graph indicates the epidemiological trend of silicosis in the 

Fig. 17. Length of service vs 
cated; Witwatersrand mines. 

Soc. S. Africa.) 

. rate at which silicosis was produced at dates indi- 
(After Joseph, courtesy J. Chem., Met. Mining 

modern industrial world—a steady and consistent lengthening of 

the time required to develop the disease. This is tantamount to 

saying that both the frequency and the severity of silicosis are 

steadily decreasing. . 
We are all familiar with Agricola’s epidemiological observa¬ 

tion (2) that many women in the Carpathian mining j ^ 

married seven husbands who were carried off to an early (leath 

presumably by silicosis. We cannot question his mortality 

figures, but we do question his etiology. This remarkable bo 
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on metallurgy was published in 1556. Blasting and pneumatic 

rock drilling, the main dust producers in mining, are a product of 

the end of the last century. Dust exposures, as we know them, 
did not exist in Agricola’s time. If tuberculosis had been con¬ 
trolled among the Carpathian miners, we doubt that their mor¬ 

tality would have been unusual. 
A significant part of the increase in pneumoconiosis in Britain 

occurs in their coal miners. It is not a new disease in coal mining, 

it is found only after years of work in coal dust, it is responsible 

for peculiar and distinctive chest x-ray markings, it is often dis¬ 

abling and it is compensable. 
There is no thought among the British authorities that coal 

miners’ pneumoconiosis is a new disease. Fletcher (159, 238) 

sums up the present British situation by stating that from 1931 to 

1948 there were 22,000 men (90 per cent from South Wales) certi¬ 
fied as disabled from coal dust. These men came from about 

100,000 underground workers, while only 600 were certified as 
disabled from 600,000 miners exposed elsewhere in Great Britain. 

The importance of the dust hazard, in its effect upon both the 

death rate for tuberculosis and the death rate for all causes, is 
shown in Table 8, giving the number of actual and of expected 

cases (based upon general experience) among workers in the chief 
dusty trades. These data, which represent the combined experi¬ 

ence of 12 life-insurance companies from 1915 to 1926, show excess 
mortality varying from 114 to 450 per cent of the expected rate 

for all causes and from 103 to 1833 per cent for tuberculosis. 

In general, the mining, quarrying, and stone-dressing operators 
show a higher hazard than the general manufacturing workers. 

The Employability of Workmen with Silicosis. We like vffiat 
Cummins (89) wiote about the disability of the person with 

silicosis: “It may be said of pneumoconiotic cases in general that 
w'hat most interests the clinician is the mottling seen in x-ray 

films; what chiefly attracts the pathologist is the mystery of the 

silicotic nodule; and what distresses the patient is shortness of 
breath.” 

There has been much work directed toward appraising this 
disability, for there is nothing more distressing than difficulty in 

breathing The subject is complicated, and it is overoptimistic 

per aps, to expect a formula whereby percentage disability can be 
fixed by physiologic tests, with or without x-rays. No one 
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appreciated these difficulties better than the late L. U. Gardner, 

whose wealth of experience gives his opinions unusual value. At 

the request of the Department of Labor and Industry of Min¬ 

nesota he discussed the subject in their 1 hirtieth Biennial Report 

(1945-1946) with special reference to the silicosis problem in their 

iron mines. What he says applies so generally that we quote 

parts of his report (171), one of the finest pieces of work in this 

field: 

In the absence of associated tuberculosis of the lungs, silicosis does 

not ordinarily cause symptoms or disability. Most of the disability in 

silicotics is a result of associated tuberculosis. 
Silicosis is a menace largely because its presence predisposes to fresh 

tuberculous infection from without, and because, in combination with 

the tubercle bacillus, inhaled quartz produces massive fibrosis of the 

lungs. 
Contraction of this fibrous scar causes the air spaces in the rest of the 

lung to over-distend in order to fill the chest cavity. This process of 

distention is known as compensatory emphysema, and it is emphysema, 

rather than fibrosis, that gives rise to shortness of breath. Since so 

many of the older silicotics had associated chronic tuberculosis, short¬ 
ness of breath came to be recognized as the cardinal symptom of the 

disease. However, it should be borne in mind that, without tuberculo¬ 

sis, silicosis alone causes little emphysema. Some uncomplicated sili¬ 

cotics may also have emphysema because it is prone to develop in older 
men, but in them it is not caused by the dust disease. 

The problem that faces employers, industrial physicians and com¬ 

pensation officials today is the disposition of cases of silicosis, largely 

produced by exposure to heavy dust concentrations fifteen or more years 

ago. At that time there was no general appreciation of a hazard. 
1 oday s adjustments to this situation must involve compromises, which 

it is hoped will become less frequent after the present generation is gone. 

New employees who have worked only under controlled atmospheric 

environments should create few problems of this nature. To discharge 
all men now discovered to have silicosis will not correct the damage that 

has already been done. Change to surface employment may be tem¬ 

porarily acceptable to a miner but, being a specialist, he is rarely able 

to command as high wages in another job. Compensation may amelio¬ 

rate the economic strain, but such payments can only be temporary. 

ie mere knowledge that he has a pulmonary disease of such nature 

l necessitates loss earning capacity may transform a strong and 
healthy workman into a neurotic invalid. For these reasons, it would 

seem ill advised to recommend that every case of simple silicosis be dis¬ 
charged as soon as the diagnosis is made. 
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If the subject is comparatively young, in his twenties or early thirties, 
there is more reason to advise change of employment than in men over 

45. If an iron miner, he may be kept out of development work where 
there is apt to be some exposure to quartz dust. 

In men over 45 who develop silicosis not complicated by tuberculosis, 

there is even less reason for change of employment. In all probability 
the disease has taken a lifetime to develop under the high dust concen¬ 

trations which prevailed before the hazard was locally recognized. 
Transfer to positions where there is less free silica and much less dust 
because of modern methods of control may ultimately do less harm than 
discharge. As long as such men remain with their original employers, 
they are subject to periodic examination, which will detect superimposed 
tuberculosis in early stages when it is amenable to treatment. Dis¬ 

charged from their jobs, they lose the benefits of such control, for the 
silicotic nodulation in their chests is a cause for rejection in any plant 
using x-rays as part of its physical examination program. A few such 
rejections may turn an able workman into a discontented neurotic. 

The young silicotic workman who develops tuberculosis should be sent 

to a sanatorium as promptly as possible. Only there has he any chance 
to cure his infection, and there he is not a menace to the public at Luge. 

Old silicotics with massive conglomerate disease in which latent tuber¬ 

culosis generally plays a part are apt to be partially disabled by short- 
ness of breath. Sanatorium treatment does them no good; in fact, to 

put them to bed merely increases their dyspnea. 
In this country, the most acceptable compromise has been continued 

employment at jobs compatible with the subject’s condition. Many 

of them are able to do regular work as miners; some can be usefully 
employed as pump men or at other jobs that do not involve severe 
physical exertion. The major difficulty is to find enough jobs of this 

nature to keep such old employees on the payroll. 
Experience has demonstrated that most of them do reasonably well 

for prolonged periods. Followed in annual examination films over 

periods as long as ten or twelve years, their disease gradually increases 

in extent and their shortness of breath becomes more marked. Sputum 
examinations should be made from time to time to make certain that 

their infection has not become active and that they consequently are 
not a public health menace. Negative results may be expected until 

such time as the x-ray reveals more rapid changes m then disease 
When this finally happens, hospitalization for the protection of otheis s 

“"'commendation may seem heartless but, for the most of these 

cases it is perhaps the kindest treatment that can be offered. Until 
medical science finds some means of combating the infection, the exp 
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ant treatment is as good as anything that can be offered foi these tiagic 

results of past ignorance. 

Asbestosis. The pathologic changes produced by asbestos are 

not like those of silicosis. The asbestos fibers group about the 

neck of an alveolus and stimulate the formation of a diffuse 
fibrosis. There is no definite migration or transportation of the 

dust particles to the lymph nodes and no formation of the fibrous 
nodules shown in Fig. 16a. As the fibrosis increases, the reduc¬ 

tion in lung area causes serious dyspnea. Lanza (273) suggested 

that the enlarged hearts noted frequently in his cases of second- 
stage asbestosis may be the result of the increased work of the 

heart resulting from this condition; it takes more work to pump 

blood through the asbestotic than through the normal lung. 

Gardner stated (175, 170): “On grinding these fibrous min¬ 

erals to a very fine state of subdivision they do not become more 
irritating but practically lose all power to provoke tissue reac¬ 

tion . . . Yorwald et al. (433) continued the animal work 

initiated by Gardner and concluded: “The duration of exposure 

required to develop the pulmonary reaction to inhaled asbestos 

dust is inversely proportional to the concentration of long fibers 

in the atmosphere; as the concentration is increased, the reaction 
develops in shorter time.” 

In silicosis it seems to be a general rule that, after a certain 

point, the victim’s condition grows worse even if his exposure to 
dust has ceased. But Wood and Gloyne (455) stated that they 

have seen patients with asbestosis “whose condition appears to 

have remained stationary since stopping work in the factory,” 

but they advised definitely that the individual with asbestosis be 

removed from his dusty job. Merewether (311) and Lanza were 
less certain on this point. 

Asbestosis Bodies. In the lungs of patients who have died 
after prolonged exposure to asbestos dust and in the sputum of 

men with considerable asbestos-dust exposure are found what 
first were called curious bodies and later asbestosis bodies (Fig. 

18) (140). While somewhat similar bodies can occur in the 

ungs of coal workers and even of normal persons, it is admitted 

that asbestosis bodies in sputum are characteristic of asbestosis. 

.Stewart (402) gives considerable diagnostic weight to their pres¬ 
ence as do Sparks (397) and Gloyne and Merewether (184). 
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Asbestosis and Lung Cancer. The British require autopsies of 

persons who have allegedly died as a result of industrial exposures 

such as cause asbestosis or silicosis. The 1947 report of the Chief 

Inspector of Factories (25) states that, of 235 cases of asbestosis 

autopsied between 1924 to 1946, 31 or 13.2 per cent were com¬ 

plicated by carcinoma of the lungs or pleura. This figure should 

Fig. 18. Asbestosis bodies in sputum. (After Ellman, Ref. 140; courtesy J. 
Indust. Hyg.) 

be compared with that of their cases of silicosis of whom 6884 

were autopsied over the same period and in which 1.32 per cent 

showed cancer of the lungs. This latter is about the rate 

reported in the 1946 census in the United States (13 per cent of 

all deaths were from cancer and 1 per cent from cancer of e 

respiratory tract). , 
We do not imply that our American pathologists and our 

hosnitals are less careful than the British in collecting data from 
autopsies For example,•Vorwald and Karr (434) at the Saranac 

Laboratories reviewed such data from their own cxPcrl®'lc_e 
concluded that “inhaled dusts,” except those containing re g 

Ted carcinogenic substances, “cannot in general be cons.dered 
ni 
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as etiological factors in the development of pulmonary carci¬ 
noma.” But we still are a bit envious of the tidy way in which 

the British assemble their industrial data on morbidity and 

mortality. 

PREVENTION OF SILICOSIS 

Suppose a manufacturer asks whether he can safely use a 

certain dust in his processes or a mine operator wants to know the 

dust risks in a new heading he is about to open up. How can the 
engineer best answer these questions; what will the investigation 

cost; and how soon can reasonable answers be given? 
Chemical and petrographic analyses of the dusts enable us to 

reconstruct the approximate mineralogical composition (Chap. 

11). Arguing that only the fine air-floated dust is breathed and 

causes silicosis, we can separate out the fines and determine the 
amount of free silica in the sizes below 5 n. Admittedly this is a 

fussy job; it can be very time-consuming, but it may supply 
important information. 

In the absence of epidemiological data on men, it may be wise 
to run tests on animals. We can cause small laboratory animals 

to breathe dust clouds in which concentration, particle size, and 

dispersion are controlled. This method has been used all over 

the industrial world, and very full descriptions of the technics 
have been published (172). It has worked well with quartz but 

has been unsatisfactory with less toxic dusts of low quartz con¬ 

tent, which take years to produce ill effects in man. Gardner 

(272) pointed out that he had failed to produce silicosis in animals 
dusted with granite.1 

Short cuts must be taken to compensate for the brief life span 
of laboratory animals. Pathological changes similar to those 

found in the lungs of persons with silicosis can be produced in 

various parts of the body. Dusts suspended in physiological 

saline solution can be injected intravenously and produce fibrosis 
m the liver (see Fig. 19, page 48), a method widely used 

King (37) injected suspensions directly into the trachea of rats 
Policard (251) used the cornea of rabbits, while Kettle (254) and 
others used subcutaneous inoculations. 

disp^o7a3Thtan1si:BRost thrGarWs gr“ite <•»* wen 
eit a^u;rr7rmrrnts hc underestimated th* 
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One of the most important duties of the Bureau of Mines is to 

advise our mining industry in matters of safety. The prevention 

of fires and explosions in mines falls to their lot (see Chap. 6). 

By 1930 the dusting of bituminous mines, to prevent explosions, 

had become an accepted practice and the Bureau was charged 

with recommending dusts that could be used safely and would 

not cause silicosis. The dusts had to be cheap, which means 

that the minimum of handling and of processing could be 

allowed. 

Fig 19. (a) Liver of rabbit 1 year after injection of 500 mg of 1 to 3/x quartz. 

(Course of 20 injections in 1 month, each dose contained 5 cc of 1 per cent suspen¬ 
sion in physiological salt solution.) Massive silicotic cirrhosis and fibrosis. 

(b) Same, with addition of 0.33 per cent gelatinous colloidal alumina. (Afte 

Gardner, courtesy J. Indust. II yg. & Toxicol.) 

In order to carry out this assignment Miller and Sayers (31o) 

adopted Mavrogordato’s (299) intraperitoneal method of testing 

the toxic effect of dust on guinea pigs. As a routine they fount 

that it was best to run all tests with controls of quartz and 

anthracite coal dust and to kill their animals at intervals of 

14, 45, and 90 days, although their first experiments \\ere run o 

aSThey founcTthat it was practicable to divide the commercially 

available dusts into three general classes: (1) those causing, an 

absorptive reaction: calcite, limestone, precipitated calciu 

carbonate, cement, gypsum, and dolomite; (2 those 
proliferative reaction (the ed.cosis produce. s) quarta or san 

diatomite, tripoli, and various combinations of natural dusts lug 
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in quartz; (3) those causing an inert reaction: alundum (A1203) 

and silicon carbide (SiC), anthracite and bituminous coal, 

bentonite and kaolin, fuller’s earth, feldspar, mica, talc, soap¬ 

stone, shale, traprock, pyrophyllite, sericite, volcanic and pre¬ 

cipitator ash (from power plants), hematite (as jeweler’s rouge), 

and asbestos. 
As the result of this work the Bureau approved the use of the 

dusts in the first class—those causing “an absorptive reaction.” 

It is interesting to note, after some 20 years, that their ranking 

of dusts as potential silicosis producers has not been changed by 

any of the more elaborate methods since devised or by epi¬ 

demiologic studies. 

Up to about 1950 the harmfulness of the potential silicosis pro¬ 

ducers was more or less rated in proportion to the free quartz of 

fine particle size. Sayers’ three classes were sound at the time he 

suggested them. Now we would probably accept the first two, 

namely, the absorptive and the proliferative classes, but the 

third still is being explored. It is no longer enough to say that 

mineral dust is safe to use simply because it is low in quartz. 

Aluminum Therapy. Denny and Robson (111) at the McIn¬ 

tyre Mine in Schumacher, Ontario, noted in 1936 that “the pres¬ 

ence of small amounts of metallic aluminium almost completely 

prevented siliceous material from passing into solution.” Later 

they and Irwin (111) showed a relationship between reduction of 

solubility of free silica by aluminum powder and a decrease in the 

occurrence of silicotic lesions. They then “tried to prevent 

silicosis in quartz-dusted animals by giving them daily inhala¬ 

tion of powdered aluminium” and “were completely successful.” 

The quotations are from King (251) who gives the best appraisal 

of this interesting episode that we have seen. 

Denny and Robson’s animal experiments were checked and 

confirmed by Gardner (179), Fig. 19, at Saranac Lake, by 

King (251) m London, and by Policard (337) in France. Gardner 

had often referred to “protector dusts” and suggested that 

hydrated alumina would work better than metallic aluminum 

powder. Also it is easier to disperse in air, presents no explosion 

problem, and does not require fresh grinding as it is stable. 

was natural to test the efficacy of aluminum on patients with 

s. .COS'S especially men with respiratory embarrassment but 

without tuberculosis. In 1944 Crombie el al. (85) reported 
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improvement of about half of a group of 34 patients with silicosis 
who were treated by being given freshly ground aluminum dust 
to inhale. Denny and Robson patented the treatment and 
assigned it to the McIntyre Foundation which then granted 
licenses to properly qualified physicians. If the treatment was 
to be used at a factory or mine, the Foundation required proof 
that modern dust control and medical control were enforced. 

In 1948 Berry (39) at Denver reported a careful study of 35 
patients with silicosis, without tuberculosis, but with definite 
respiratory embarrassment. Twenty-six breathed aluminum 
hydroxide at concentrations of 300 million particles per 

cubic foot by impinger counts and nine breathed filtered air, none 
of them knowing which men were the controls. Concentrations 
were obtained by a carefully adjusted modification of the dusting 
equipment used at the U.S. Bureau of Mines for testing respira¬ 

tors (see Chap. 17). Berry concluded that “in the aluminum 
treated group, no objective changes were observed which could 
be convincingly attributed to the metallic therapy, and that is 

about where the matter stands today (10). 
Colloidal Silica. In 1937 Bruce (65) of Stockholm described 

cases of silicosis among men making silicon alloys 1 he actual 
numbers involved were very small, and he could no dcci e 
whether exposures resulted from dust generated in handling the 

quartz used as raw material or from the silica fumes w ic i 
resulted from the spontaneous burning of vaporized silicon. The 
fume escaped from “ the furnace in the form of an immense, dense, 

spreading white jet of smoke.” The particles were examined by 
Sundius state geologist, who found them to be mostfy IMy 
.. . , , nf s;iica with some quartz grams. Under the 

divided po d abundant floes with discrete particles, 
microscope they r sjze \ye do not question 
presumably m the pigmen * U , nresent-day methods 

Sundius’ report, but we ^ “"etiin mTroscope, would 

I SA the co,Widal range, 
place the pailn Canada reported cases of 

In 1947 Shaver and industry, which “disclosed 
severe pulmonary d s< , together with a pneumothorax 
a peculiar type of lung s iac ow , ^ ghaver’s first patient was 
which had developed spontaneously. bhaver l 

seen in February, 1942. 

The men 
Xted were working around electric furnaces making 
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a synthetic abrasive comparable to the natural mineral corundum, 

A1203. In the trade it is called both alundum and aloxite. The 

raw materials were bauxite, A1203'2H20; coke; and iron. Silica 

was not added, as such, but was present in the bauxite in trifling 

amounts. 
The furnaces had a steel shell, and cooling water was sprayed 

around the upper edge. Within the melt, temperatures were 

about 2035°C. When fusion had been completed, the furnace 

was cooled, the wall removed, and the pig weighing about 8 tons 

broken up; the pieces were then sorted and crushed for shipment. 

The process was fairly old as such things go, and no trouble had 

been experienced up to 1942. Even in retrospect we doubt if 

Shaver’s cases should have been predicted. In any event they 

were not. 

In writing up this incident, Jephcott et al. (244) reported: “A 

faster rate of production was obtained in some plants during the 

war,” and “This change caused a marked increase in the amount 

of fume given off.” Jephcott found the fume to be a mixture of 

which the significant constituents were 35 to 64 per cent alumina 

and 16 to 54 per cent silica. 

In Germany, Gartner (181) reported severe reactions, with 

some tuberculosis, among Korunschmelzerns, caused by overload¬ 

ing the industrial capacity of their plants. We pointed out that 

the raw material in Shaver’s cases had a low silica content but 

that the fume evolved contained high percentages of alumina and 

silica. Gartner (181) suggests that the German troubles were 

essentially the same as those reported by Shaver and Riddell and 

that mullite, 3Al203-2Si02, identified in both Canadian and 

German furnace fumes, caused the disabilities. 

It is unlikely that the etiology of this unique disease, known as 

S avei s disease, will be worked out in a systematic fashion. As 

soon as it was suspected that the capacities of the Canadian 

plants were overtaxed, steps were taken to remedy conditions 

and the exposure of the workmen was controlled. Animal work 

since then has not brought out anything conclusive, so we are 

in ormed, and no more human exposures are apt to occur. 

OTHER PNEUMOCONIOSES 

Silicates. Exposures to silicate dusts were common in indust 
long before modern methods of rock drilling, crushing, milli 



52 INDUSTRIAL DUST 

and conveying had been developed. Except ing only asbestos, the 

silicates together with limestone, gypsum, and coal had not this 
unpleasant legacy of involvement with tuberculosis at the time 
modern bulk handling of raw materials was becoming common¬ 
place. It is our belief that our very modernization made some 
processes, formerly handling silicates safely, somewhat risky. 
By 1950 this situation was generally recognized and now is being 

brought under control. 
In 1927 Badham (19) in Australia coined the word silicatosis to 

cover the pulmonary disabilities resulting from breathing the 
various silicate dusts (113). In 1933 McCord (307) reviewed 
the subject which was considered at each of the first four Saranac 
symposiums. The recent summary by Koelsch (251) shows 
clearly that the problem is recognized all over the industrial 

world. 
We now have good laboratory or field studies of exposures to 

talc (115, 376, 372), mica and pegmatite (116), pyrophyllite (136), 
various clays (256), fuller’s earth (310, 69), pumice (394), sil- 
limanite (182, 250), mullite (251), olivine (257), and others. The 
list is sure to be enlarged. We doubt that any responsible per¬ 
son, in this age, would condone heavy dust exposures, especially 
chronic exposures, to any silicates on the doubtful premise that 
they have not been shown to produce the nodules of classical 

silicosis and have not the bad name of involvement with 

tuberculosis. . , , , , 
Mineral and Glass Wool. Mineral wool is made by blowing 

molten slag from the spouts of furnaces adapted from small 
foundry cupolas. Glass can be made into fibers similarly. 
Later developments of Fiberglas are beautifully mechanized and 

bear little resemblance to the early process. Both mineral wool 
and glass wool are artificial silicates the composition of which is 
controlled by the ingredients of the melt. Fiberglas is now sold 

in spooled thread as yarn from which fabrics can be made ij 

adaptations of standard textile processes. . . 
Either type of fiber can be made up in bat* of convenient size 

to handle or it can be collected as fluffy wool and blown in 
between the walls of houses for insulation. Fiberglas for some 
Hme has been an important insulating material both thenna 

and electric!! Men handling it for the first time complain o 

skdn irritation from the tiny spicules, especially around then 
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collars and cuffs. They have asked whether it would not be 

irritating to the lungs if breathed. Animal studies (140, 174) 

and periodic examinations of workers (121) indicate that theie is 

no danger at all of pulmonary damage from either mineral wool or 

Fiberglas. 
Carbon Dusts. As long ago as 1837 Stratton (405) wrote: 

On examining the bodies of elderly persons we find the lungs always 
of a dark color. Sometimes the color is much deeper in various parts 
of the lungs which then are as black as charcoal; at other times the 
whole lungs are uniformly of a dark color. The first appearance is 
considered healthy, the second receives the name of melanosis, and the 
third is what has been called the black lung of coal miners and may 
more shortly be defined as anthracosis. 

In 1928 Collis and Gilchrist (81) had reported upon the health 

of coal trimmers, men who loaded coal into barges at Cardiff and 

had no mining experience. Collis noted no significant disability 

because, as he thought, there was not enough silica in the coal. 

In their monograph on the lungs of coal and other miners in 

Australia, Badham and Taylor (20) in 1938 wrote: “We find 

ourselves by no means in agreement with the opinion that coal¬ 

miners’ lung is only the product of free silica—That coal-dust 

and not the country rock is to blame is shown not only by the 
analysis of affected lungs and coal seams, but by the fact that we 
have seen individuals affected with pulmonary fibrosis who did 
not work underground but only on the screens.” 

Cummins and Sladden (90) in 1930 examined many coal 
mineis lungs, pathologically, histologically, and chemically and 
then correlated these studies with case histories. Commenting 
ou Haldane and Mavrogordato’s opinion on the relative harmless¬ 
ness of carbon (because it is more easily removed from the lungs 
than is quartz), they state that both coal dust and silica in large 
amounts may be present in the lungs of coal miners but that 

coal is only retained in large amounts when there is a really 
high silica content, and there seems no doubt that in general the 
absorption of silica favours a retention of coal dust when this is 
rieely available as in coal-mining or coal-trimming conditions ” 

Ihe whole question of pulmonary disease among British 
miners and coal handlers was reopened in 11)37 by the Medical 
Research Council’s Committee on Industrial Pulmonary Diseases. 
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A full account ot the resulting progress with excellent bibliography 
is given by Fletcher and Gough (159). Widespread pulmonary 

disease was found, more in anthracite than in bituminous coal 
handling. Recently Ray et al. (343, 344) reported convincingly 
that either pure coal or graphite, with only 2 per cent quartz 

contamination, could initiate typical silicotic fibrosis. In com¬ 
paring the pathogenicity of different coals Fletcher and Gough 
say that it “does not appear to be directly related to their free 
silica content, but may depend upon some property associated 
with the ‘rank’ (i.e. volatile matter) of the coal.” Their anthra¬ 
cites with 5 per cent volatile matter were more potent than the 
bituminous coal with 30 per cent volatile matter. 

In the United States in 1949 there were 70,000 anthracite and 
409,000 bituminous miners (162). There have been no studies 
on the health of the whole industry, but there have been good 
studies of representative samples. In 1935 Sayers et al. (365) 
published a report of their field study with physical examinations, 
dust determinations, and petrographic analyses of conditions 

under which 2711 miners worked. They reported an incidence 
of 22.7 per cent anthracosilicosis. In 1941 Flinn et al. (160) made 
a similar study among bituminous miners in Utah and reported 
the occurrence of 3.2 per cent anthracosilicosis among 545 miners. 
It is more than doubtful that one could correctly extrapolate this 
last figure to cover our soft-coal miners in other parts of the 
country, but the consensus indicates that a figure ol less than 

2 per cent anthracosilicosis is about right, as ot 1951. 
The coal mines of Britain are probably more vital to the 

national economy than is the case in the United States. In both 
countries the industry has had some rude economic and social 

jolts in which the workers’ health is by no means the main 
issue (238). Whether one calls coal miners’ pulmonary dis¬ 
ability pneumoconiosis or anthracosilicosis seems to us unimpor¬ 
tant compared with the proved facts-with dust control and a 
modern medical program the industry is not an unhealthy one. 

Beryllium. The pulmonary manifestations of beryllium pot 

soning or berylliosis, occupy a large space in the industrial 
toxicological literature of the present era. This metal is used 
metallurgical^ in small amounts as an alloy with copper, alu¬ 
minum and magnesium anil in steels. It has had considerable 

usage in phosphors (as a complex silicate of zinc) for fluorescent 
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lamps, but so much trouble resulted from poisoning that this 

application has been discontinued.1 The most important use 

today is as the pure metal in atomic-energy installations. 

The medical aspects of pulmonary beryllium poisoning place it 

logically with the pneumoconioses. Symptoms can be caused, 

apparently, by inhaling fractions of a milligram per cubic meter. 

This ranks its theoretical toxicity with the lethal war gases, but 

such is by no means borne out generally in practice. Estimates 

of toxicity either on men or on animals vary greatly, and one must 

conclude, as suggested by Sterner and Eisenbud (401), that some 

other process (as yet unidentified) enters the picture to account 

for the great differences in reactions which have been noted and 

the puzzling epidemiology. 

Beryllium poisoning in its various forms, acut e and chronic, has 

been described in detail by Hamilton and Hardy (203). Acute 

poisoning is generally less of a problem than the chronic type, 

which takes months or even years to become apparent. The 

respiratory distress of the severe chronic cases is extreme, the 

chest x-rays are characteristic, and the prognosis generally is poor. 

Once the disease was recognized, much of the risk was elimi¬ 

nated by process control and careful medical supervision, but 

cases are still (1954) cropping up. Sterner and Eisenbud (401) 

state that more than 100 cases of pulmonary granulomatosis (the 

chronic type of poisoning) and more than 200 of acute pneu¬ 

monitis have occurred during the past several years among 

individuals exposed to beryllium and its compounds. 

Eisenbud et al. (138) reported 11 possible cases of beryllium 

poisoning among persons living in the neighborhood of a beryl¬ 

lium-producing plant. Concentrations which might have been 

breathed were estimated at 0.01 to 0.1 microgram/cu m. While 

Eisenbud points out that there is no justification for applying 

these data for estimating hazards of exposed workers, a manu¬ 

facturer whose plant handles and processes beryllium in any 

amount should be aware of these figures. The degree of process 
control which they imply is most exacting. 

i ‘ By agr®ement among U.S. lamp manufacturers, production of Be phos¬ 
phors was discontinued June 30, 1949. 



CHAPTER 3 

INERT AND TOXIC DUSTS 

INERT DUSTS 

Calcium and Magnesium Carbonates. Dusts of these com¬ 

pounds commonly result from the handling of limestone and mar¬ 

ble, CaC03; magnesite, MgC03; and dolomite, CaC03 MgC03. 

Often the parent rock is comparatively free from quartz. 

Workers exposed to these dusts show no unusual incidence of 

tuberculosis, and even mild fibrosis of the lungs is infrequent. 

Thus, marble cutters present a very different picture trom granite 

cutters, among whom silicosis used to be common. 

Gardner (178) noted the rapid rate at which marble dust was 

eliminated by his experimental animals following heavy inhala¬ 

tions and believed that the high solubility of marble was the 

explanation. . . , . 
In the southeastern Missouri lead belt the rock mined is hig i m 

dolomite and limestone. Silicosis is virtually unknown. Titus 

,, 1 fnnnrl tbo soluhilitv of dolomite dust from these mines to be 

study in 1939 of 17 plants gave coi 

try has a good health record. Als 

among cement workers is very low. 

and Vintinner on animals exonci 

clearly. 
56 
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Gypsum. This mineral, CaS04-2»20, is very common and is 

mined and milled in large quantities in various parts of the 

United States. When it has been partially dehydrated by 

burning, it again takes up water with avidity so that one might 

expect it to be objectionable when breathed. However, Riddell 

(347) made a study among gypsum workers and concluded that 

the dust hazard was not important. The investigations of 

Miller and Sayers (315) regarding the effect of gypsum dust upon 

animals also were negative. 
Gardner and his colleagues at Saranac have had abundant 

experience with gypsum but have published no reports on this 

particular dust. However, his studies led Gardner (175) to the 

following conclusion: “Gypsum dust is harmless to human beings; 

protects against the harmful action of silica dust; does not pre¬ 

dispose to tuberculosis; apparently does not reactivate arrested 

or latent tuberculosis.” Perhaps of more interest to engineers 

is another statement by Gardner: “So it has been concluded that 

the inhalation of gypsum dust in high concentrations is harmless.” 

Iron Dusts. The most important iron ore mined today is 

hematite, Fe203. Often the ore body contains various forms of 

quartz, such as chert and jasper, which are notable causes of 

silicosis. Of themselves none of the oxides of iron (Fe304 and 

FeO are also mined) is dangerous, although the lungs of men who 

have been exposed to the ore dusts are colored characteristically 

and are referred to as siderotic. They were described by Zenker 

(458) in 1807, by Goadby (186) in 1925, by Stewart and Faulds 

(403) in 1934, and by Craw (84) in 1947. Before he became a 

famous novelist, Cronin (86) wrote most interestingly on the 

health of the hematite miners in the Cumberland area of north¬ 

west England, the same field covered later by Craw. The 

Saranac Laboratories today have Gardner’s splendid collection of 

silicotic lung specimens from our own hematite mining field, the 

Mesaba range in the Wisconsin, Michigan, Minnesota area. ’ 

The pneumatic drill (dry) was introduced into the Cumberland 

mines of Britain in 1913, according to Craw, and in about 1925 

the wet drill began to be used. In 1935 the British Silicosis Act 

came into effect for the hematite mining industry and did much 

to bring conditions to the point where Craw said that “silicosis 

will probably cease to be a problem if the incidence of tuberculosis 

is strictly controlled.” We could probably trace a similar 
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chronology for the United States, but the British data illustrate 

the points at issue. 

Foundry work, both ferrous and nonferrous, has an impressive 

history from a health standpoint. Today the jobs are often 

referred to as “heavy, hot, and healthy.” It is work which 

attracts the robust. In the United States it is estimated that 

200,000 men are employed on foundry floors (Chap. 6). Some 

fine reports of foundry workers have been published and show 

uniformly that health risks are low, that the incidence of early 

silicosis today is less than 3 per cent, and that tuberculosis is no 

more prevalent than in industry at large1 (305, 194, 326, 204). 

Dust exposures are generally to mixtures of dusts and not to 

pure dusts of any particular variety. The introduction of the 

sandblast (about 1904) for cleaning castings later caused some 

bad cases of silicosis, but proper protection of the workers and 

substitution of steel shot for sand in about 1920 eliminated the 

one black spot in foundry work. 

BENIGN PNEUMOCONIOSES 

This term has been applied to various conditions which give 

chest x-rays resembling those of silicosis but which cause no 

symptoms. They are not new and have been noted and illus¬ 

trated repeatedly. . , 
Pendergrass (272) in 1938 showed some illustrations in Lanza s 

textbook on silicosis which will give small comfort to the layman 

and make the expert wary of making diagnoses without good 

ease histories. One of miliary tuberculosis he remarks could 

readily be mistaken for that of a nodular type of silicosis. 

Mycotic infections such as actinomycosis and other fungoid 

infestations “may cause nodulation in the lung and Simula e 

silicosis ” His illustration of baratosis, presumably caused f.om 

breathing barium sulfate, could certainly be mistaken foi silicosis, 

vet the patient had no symptoms. 
' The chest x-rays of stainless-steel welders shown by Enzer and 

Sander (142, 362) and also noted elsewhere (112), could easily be 

. Our conviction that the American 

what contradicted by main comp* • y ^areas in those states we 
Michigan, two of our most heavily mdustnah-^reas. an 

believe undue weight is placed on x-ray evidence b 

opinion shared by some of our medical colleagues. 
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confused with silicosis; yet the patients had no respiratory com¬ 

plaints. One of these welders was killed in an accident, and the 

autopsy was reported by Enzer and Sander (142) who believed 

that the tiny nodules they had found previously by x-ray were 

caused by iron oxide. There was no fibrosis of the lungs. 
Pendergrass and Pryde (332) in 1946 and Cutter et al. (91) in 

1948 showed chest x-rays of men exposed to tin oxide in which a 

symmetrical mottling appeared; yet the men had no symptoms. 

In silicosis the mottling seen by x-ray is about 1 or 2 mm or 
more in diameter. The radiologist does not see clumps of silica 

which has a comparatively low radiopacity. 
In the benign pneumoconioses—caused by tin, barytes, ferric 

oxide—one sees mottling due, perhaps, to these substances 

themselves. One might say that these tiny spots are indicative 

of the man’s past occupation and are mere landmarks. They do 
not show that harm has been done. 

TOXIC DUSTS 

Poisoning from inhaling toxic dusts is much more likely 

than from swallowing them. Dusts that reach the lungs can 
pass directly into the blood stream, thence to the heart, and 

immediately be pumped all over the body. Distribution to all 
the body tissue is thus brought about rapidly and effectively. 

But dust taken in with the food goes to the stomach, and the 

major part passes out in the feces. Some is picked up by the 

portal blood circulation and moves on to the liver. That portion 

which causes poisoning must first pass through the liver, which is 
an effective filter and detoxifier; only then can it enter the general 
circulation. 

The practical significance of this physiological distinction 
between the two ports of entry of dust is considerable. Alice 
Hamilton (202) in 1934 wrote as follows: 

A great deal of money has been wasted by well-meaning employers 
who sought to protect lead furnacemen or oxide roasters or white lead 
grinders against poisoning, by providing baths and lunchrooms and clean 

3ttoThl''M> H WaSheS “AT11’instead »f Preventing the escape of 
n,Vr let T" were obllged10 breathe. and unfortunately this 
.is sometimes been done under a physician’s advice. It must never be 

fo'^otten that the great majority of industrial poisons enter the body 

h - and that while a workman eats only th^ times I 
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day he breathes sixteen times a minute during the eight or ten hours of 
his working day. 

Goadby (185) found that cats dusted with lead acquired lead 

poisoning more easily than did a control animal which was fed 

over ten times the total lead dosage for the dusted animals. 

C. K. Drinker and Shaw (119) showed how efficiently the liver 

removed foreign dust particles injected into the blood stream. 

Minot (318) emphasized the much greater danger of lead poison¬ 

ing from inhaled than from swallowed dusts. Blumgart (45) 

showed that the absorption of lead directly in the nasal passages 

was rapid and might be “of a magnitude far in excess of the 

minimal dose by 01011111.” 

All this experimental evidence confirms the view so often 

expressed by the late Sir Thomas Legge (281), now widely 

accepted, that there is far more danger of being poisoned by 

inhaling toxic dusts than by ingesting them in food or drink. 

It cannot be stressed too often that chronic poisoning which 

takes weeks, months, or years to become apparent is a much more 

difficult problem industrially than is acute poisoning, the result 

of a single exposure to a toxic gas. By and large the troublesome 

chronic poisons enter by way of the respiratory tract; the finer 

the particles and the better they are dispersed, the more severe 

the risk; also the greater the solubility, the quicker they bring 

about their effects. 
Lead. Hamilton and Hardy (203) and Mayers (302) give a 

very full account of industrial exposures to lead and its possible 

effects on man. They state that the “toxicity of a given lead 

compound depends on (1) the solubility in the body fluids and 

(2) the fineness of the particles, for the finer they are, the more 

quickly do they dissolve.” Of lead poisoning they say: “A very 

severe acute attack, such as was not uncommon in the early 

years of the century among smelters, sanitary-ware enamellers, 

white lead and red lead workers, is seldom seen nowadays. . . . 

What the physician expects to find is an early stage ot a slowly 

developing form, although every now and then he will be startled 

by a case of unexplained oversusceptibility.” 
The clinician speaks, instead, of lead absorption which he 

appraises mainly by blood and urine examinations.1 The latter 

1 An excellent discussion of the method is given by Elkins (139). 
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is an extremely useful tool for the employer who has a lead- 

exposure problem. In fact it is so useful it seems likely that 

urinary lead values can be used instead of atmospheric concentra¬ 

tions as a means of judging exposures. Kehoe (12) suggests 

0.02 to 0.08 mg of lead per liter of urine as normal; Elkins sug¬ 

gests 0.2 mg as a safe limit (139), but Belknap (35, 357) and 

Hamlin and Weber (205) give strong support from epidemiological 

data for a higher figure such as 0.3 mg. The plant operator will 

not be inclined to quibble or split hairs over the exact figure. He 

is satisfied to know that this method of control works, that a 

regime can be set up by which uncontaminated samples can be 

shipped to a laboratory and analyzed, and that the results help 

him run his plant safely. 

By means of urinalyses Belden and Garber (34) showed that 

men handling galena, PbS, concentrates (of low solubility) had 

low lead urine values although dust concentrations breathed were 

two to fifty times above the commonly accepted atmospheric 

threshold concentration of 1.5 mg per 10 cu m. Hamilton (201) 

in 1925 commented on the fact that galena miners did not get 

lead poisoning while the men who smelted the concentrates, and 

breathed lead fume, had occasional attacks of colic. In the 

smelting of lead oie today, control measures are focused especially 

on jobs in which lead fume of fine particle size may be breathed. 

Sometimes lead coatings are applied commercially by a 

“metallizing” tool—metallic lead is melted from a wire and 

blown upon the object. High atmospheric concentrations of a 

veiy fine lead mist can result (314). Modern lead burning (122), 

a process by which lead is melted and allowed to flow on to some 

object, is not a risky job; the novice may “burn” lead but the 

skilled worker does not: he simply melts it. Cutting’of lead- 

rtelS‘eel ,Pr°Vetl * Source of lead Poisoning in dismantling 
s ips (63) and gave trouble in Boston when some of the elevated 
railroad was taken down (409). 

1 he manufacture of lead batteries has come under very good 

"’Them t0 M'1 StU<lieS ^ tKiS <U7> “dTe eie. There were some severe cases of lead poisoning reported in 

.133 in Baltimore (450) (and later elsewhere) as the result of 

burning lead-battery casings for fuel-the casing had picked no 

in aUsimp?e Stt“ ^ *° ,ead f"me burned 
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The commercial spraying of lead paints and the sanding or 

burning of lead-painted objects preparatory to repainting are 

generally made safe. The risk is recognized and covered in codes 

or rules in which New York State, as usual, sets a good example 

(303). 
Radioactive Dusts. In the spring of 1924, W. B. Castle and 

C. K. and K. It. Drinker (71) investigated the circumstances 

causing five cases of necrosis of the jaw in women applying a 

luminous paint containing radium. 

The paint consisted of luminous zinc sulfide with minute traces 

of copper combined with small amounts of radium bromide which 

was converted to the sidfate. Until 0 months before C astle s 

report the girls doing the dial painting used to point their brushes 

in their mouths, but the practice was stopped at the direction of 

the management. 
Although neither of us took part in this study, we examined 

Castle’s dust samples with him. Many of them were radioactive 

as tested by an electroscope. Castle found such dusts in various 

parts of the plant, including the front office, the chemical labora¬ 

tory, and the machine shop which was on the floor below the dial¬ 

painting room. 
The clothes and skin of many of the workers were luminous m 

the dark following exposure to light, this being known in the trade 

as the “flash” test. A cap worn by an engineer who had no con- 

tact at all with the paint gave a positive flash test. There was 

nlentv of evidence that traces of the dust were spread all over 

the building. It must, therefore, have been breathed by various 

workers, and the investigators believed such inhalation played a 

part in the subsequent poisonings. Some type of blood abnor¬ 

mality mild polycythemia or leukopenia, suggesting a diffuse 

Effect on the bone marrow was found in all workers examined by 

Castle el al, whether dial painters or not, and subsequent doa s 

in both groups as reported by Martland (207) were attributed to 

anemia diffuse bone marrow fibrosis, and later osteogenic 
anemia, bones But the brush pointing was aired 

TT in our , ^pa^s when a series of damage suits were 
luridly in ou blamed for the poisonings. 

"Totw ng MsTnvest^tionlnd report the plant was thor- 

oulhly cleaned up- such 
tions of the original investigators. Since tnen 
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careful dust control and medical supervision have been applied 

throughout the dial-painting industry (428, 328). The result 

has been that incidents such as that discussed have disappeared. 

Reviews of the pneumoconioses generally include mention of 

the disabilities of the miners of the Schneeberg and Joachimstal 

areas in Germany and Bohemia. This is an old mining com¬ 

munity and has been a source of copper, cobalt, and arsenic for 

several centuries and today is a source of radium. Deaths from 

silicosis in the area have not been exceptional, but deaths from 

lung cancer have been high, even in comparatively recent times. 

Lorenz (289) calculated that the radioactivity of the Schnee¬ 

berg dusts breathed was not sufficient to account for the cancers. 

We note, in contrast, that Hamilton and Hardy (203) offer a 

suggestion from Evans that the alpha rays from the radium 

could very well have caused malignant lesions of the large 

bronchi. 

Up to the advent of atomic energy as a weapon of war and its 

anticipated peacetime applications, there was no volume of 

experience with radioactive dusts save for dial painting. The 

warnings and the lessons learned were ominous and have been 

heeded as is amply proved in the very full reports of health con¬ 

trol in our famous Manhattan or Plutonium Project (404). 

Admittedly expense has not been spared in atomic-energy plants, 

but the results showed conclusively that a potentially dangerous 

job was so well done that the plants were safer and healthier than 
those in industry at large. 

Manganese. In 1912 there were described at Franklin, N.J., 

cases of manganese poisoning among men exposed to heavy 

concentrations of a finely ground rock containing the mineral 

franklinite, an oxide of manganese, iron, and zinc. 

Hamilton and Hardy (203) give a full account of the clinical 

aspects of these poisonings, which include severe psychic and 

neurological disturbances resembling Parkinson’s disease. From 

a practical standpoint the toxicity of manganese is low so that 

prevention is easy and has very generally been achieved. There 

lave been no cases at Franklin since about 1915, although the 

iTerval COnCent™tin|' mi» have been active throughout this 

Elsewhere in milling manganese dioxide and certain other 

manganese compounds there have been exposures which caused 
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manganese poisoning, but the total number of cases is very small 

(161). The German and British literature contains references to 

pneumonitis from breathing manganese dusts, but from our 

American experience we believe that modern dust-control meas¬ 

ures eliminate this risk. 

Chromates. Sodium and potassium bichromates are impor¬ 

tant industrially, although the numbers of workers exposed to 

chromate dusts, either in their manufacture or application, are 

low. Chrome sores and ulcers have been described in the medical 

literature for over a hundred years. Chromium plating is modern 

and started with a good appreciation of the risks of ulcers and of 

perforated nasal septa from chromic acid mist (43). 

Machle and Gregorius (201) reported a high incidence of lung 

cancer in American plants—there are only a few—producing 

chromates. As a result working conditions within these plants, 

and presumably others elsewhere, are being improved (53). 

The episode described by Machle and Gregorius is, at this 

writing, the single bit of reliable evidence we have that a definite 

substance has caused lung cancer in man. But we do not know 

what is a safe concentration, what is the most potent particle 

size, or even what specific chromium compound is to blame. 

Cadmium. This metal behaves chemically somewhat like zinc 

with which it often occurs in ores—usually as the sulfide, CdS. 

Relatively small amounts are recovered in the smelting oi lead 

and zinc concentrates. Cadmium is obtained as a by-product of 

such smelting usually as the impure oxide, CdO, in dust iorm. 

The pure metal is isolated electrolytically, melted, and cast into 

rods, balls, or small pigs, as may be desired. 
At the present time cadmium is an expensive metal and is 

processed with care. It is used principally to coat steel or iron 

for resistance to corrosion, in the cadmium battery much used in 

Europe, and as the sulfide in high-grade pigments. 

Freshly generated cadmium oxide is so toxic to man that its 

use was considered in World War II (27) as a war fume. In 

sufficient dosage it can rapidly cause violent vomiting accom¬ 

panied by chest pains, difficult breathing, and edema of the'lungs 

Deaths from industrial exposures have occurred and been fully 

that the nascent fume, CdO, can produce a 

violent and dangerous reaction in man, but the flocculated ox.de, 
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pure or commercial grade, is handled salely under conditions we 

considered alarming the first time we observed them. We ques¬ 

tion very strongly the implication that there is such a thing as 

chronic cadmium poisoning (168) (at least in the l nited States) 

and are supported in this doubt by Princi (339) who studied it 

thoroughly both in a cadmium smelter and in his laboratory. 

Arsenic. The largest producers of this element are Sweden, 

Mexico, and the United States, in that order. It occurs usually 

as a complex sulfide with commercially important copper sulfides 

from which it is separated by roasting. It is then collected as 

the oxide, As203, in settling chambers, or “kitchens.” Ores of 

lead anti zinc may contain considerable amounts of arsenic which 

is volatilized in the smelting process, collected in impure form in 

hag filters or in Cottrell units, and subsequently refined by 

roasting. 

In the final purification of As203 it is possible to control 

particle size fairly well. For the trade it is usually kept between 

20 and 200 mesh; it is pure white and granular. 

The handling of the first run to the kitchens and the cleaning 

of flues leading from the roasters to the kitchens require exacting 

attention to methods used. The men wear special clothing and 

special masks which are changed frequently. Otherwise, if they 

sweat, they get annoying skin burns, especially around the neck, 
v'rists, and ankles. 

Perforation of the nasal septa is easily caused by As20;f, and it 

takes very little to do it, just as with chromic acid mist or 

chromate dust. We know of no reports of such perforated septa 

becoming malignant and have inquired into this matter with 

some care on visiting the smelters of Sweden, Mexico, and the 
United States. 

SnegirefT (395) failed to find an increase in the incidence of 

lung cancer among workers engaged in arsenic smelting,1 and 

none is noted by Lundgren et al. (290) in their recent studies of 

the copper and arsenic smelters at Boliden, Sweden. 

1 In purifying the electrolyte for the electrolytic refining of copper zinc 

“ir?i’„xiro z:rr tk of ,,oisoni"g from the««. **»«. a.h„ which 
ture from the o’ 'S°. !' K°nerate<l in dangerous amounts when mois- 

arsenic 020)—in flT, T *Ul#d“ “»“■*« -all amounts o£ 
arsenic. WhCneVOr ,mSCOnt -neo in contact with 
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In Great Britain, Legge (280) and Henry suggested some years 

ago that cancer of the respiratory tract was abnormally high in 

certain plants preparing arsenical sheep dip. Recent studies by 

Hill et al. (233) support Legge’s forecast, but the cases of cancer 

actually proved were very few. The processes allegedly responsi¬ 

ble have since been altered or abandoned. We had the pleasure 

of visiting one of these plants in 1948 and were impressed by their 

modernization and good housekeeping. 

In spite of the development of the new organic insecticides, 

arsenical sprays and dusts are widely used in agriculture. In the 

State of Washington, our largest producer of apples, substantial 

tonnages of arsenate of lead are sprayed and some of the spraying 

is done by contractors whose men do little else for several months 

each year. Studies by Neal et al. (322) and by Farner et al. (147) 

of the State of Washington showed no systemic arsenic poisoning 

of the classical type, famous in detective stories, but they did 

find definite indications of lead absorption. If the risk ol 

arsenic poisoning were serious, we feel that it would have been 

present in the United States, as precautions taken by orchardists 

in past years were usually nil. Thanks to the work of the U.S. 

Public Health Service and of Washington State, that is no longer 

the case. 
Selenium and Tellurium. These two nonmetallic elements are 

recovered today from the anode slimes in electrolytic copper 

refineries. Both elements are valuable, and both are handled 

and refined in small plants operated almost on a laboratory scale. 

Selenium has been used for years in ceramics but now has 

found important application in the production ol rectifiers and 

also of stainless steel. 
The toxicity of selenium is well known, but adverse experience 

in the past is due mostly to the tact that seleniferous foods were 

ingested, especially by cattle in grazing (67). In applying 

selenium coatings to rectifiers, great care is exercised and the 

only plants we have seen are immaculate. Unless the coating s 

applied with scrupulous cleanliness, as the chemist defines it, 11 

product is not satisfactoiy. . i,- 
An accident from exposure to SeO, fumes made in me g 

down some scrap metal coated with selenium was reported by 

Clinton (77), but the risk of poisoning seems to have been 
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what one might expect from escape of S02, which it resembles 

chemically. 
The hydride, H2Se, is a gas behaving chemically more or less 

like H2S. It is extremely odorous and apparently somewhat 

more toxic than H2S (67). 
Tellurium oxide, Te02, in minute amounts can cause a dis¬ 

agreeable and characteristic garliclike breath. It does not 

matter whether the Te02 is breathed or taken by mouth. Ele¬ 

mental tellurium likewise causes garlic breath but is much less 

potent. The breath may persist for days, depending on the 

dosage, but of itself is not indicative of damage to the person 

affected (108). 

Metallurgical^, trifling amounts of tellurium will permit 

selective hardness control of cast iron as, for example, on the 

rims of car wheels. The tellurium is added as a small pellet to a 

ladle of molten iron. There results an immediate puff of smoke, 

Te02, which, if breathed, can cause the garlic breath in a matter 

almost of minutes. The pure smoke itself is odorless. Conse¬ 

quently during this process of adding tellurium to molten iron 

there must be good ventilation. A modern car wheel is made by 

one of the most highly mechanized of our founding processes, 

and the attention of the car-wheel industry to silicosis prevention 

has been good. If the practial use of tellurium shows sufficient 

commercial promise, the industry presumably will overcome the 

annoyances of the tellurium breath, but at this writing, experi¬ 

ence has been discouraging. However, there is no indication at 

all that either selenium or tellurium as now handled in industry 

presents toxicologic problems. 

Insecticides. Sprays have been used by gardeners and 

orchardists for years as a convenient way of killing insect pests. 

In toxicity to man the sprays run all the way from hydrated lime, 

which is harmless, to chloropicrin, a lethal gas of World War I 

which produces tears and vomiting. Today one can obtain from 

our Bureau of Entomology, Department of Agriculture, literature 

describing all approved insecticides, the best methods of applying 

them, and the protective equipment recommended. 

We do not attempt to list the insecticides as the number is 

growing too fast to make any such listing worthwhile. Suffice it 

to say that many of the newest like parathion (typifying the 
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organic phosphorus compounds) arc very poisonous to man and 

should not be applied without careful attention to the directions 

on the package or barrel. 

Spraying of plants and of trees can be done wet or dry with 

small-hand operated units or with large power units drawn by 

tractor. Obviously there is no way to protect men or animals 

from these sprays except by masks, by clothing, or by a com¬ 

bination of the two. The Department of Agriculture urges that 

men who mix the spray emulsions or dust mixtures be protected. 

The Department issues a list of respiratory devices for protection 

against inhalation hazards from insecticides, this list is revised 

from time to time. 
Until more is known about the long-time effects of some of 

these new insecticides, it would be well to treat them with 

respect and take precautions, something the American farmer is 

just beginning to learn. Traditionally he has been a small 

employer, comfortably oblivious of compensation law, and did 

about what he pleased. Today he depends on mechanical 

equipment and uses potent insecticides, bringing him up against 

the same kinds of problems concerning toxicity and safety that 

confront the manufacturer. 
The wonders achieved by spraying DDT and the like for 

mosquito and fly control are generally familiar. It is usual to 

spray in some of our semitropical climates with an attachment 

which fits right on small power lawn mowers. All over the 

country small and large communities regularly spray trees for 

various kinds of insect pests, but we have yet to see any serious 

effort to avoid breathing the spray. That such spraying mig 

be a public health problem is simply ignored. . . , 
Vanadium. This metal is steadily increasing m industrial 

importance and today finds great application m making specia 

steels Its oxide, V205, is used as a catalyst in various chemic 

processes, especially in converting S02 to SO:! m the manufacture 

°f HamUtonlnd Hardy (203), Wycrs (457), Sjoberg (390), and 

N Williams (451) have discussed the effects of various exposures 

fo tW compound in industry. In men cleaning boilers which 
to tms compuuii vanadium, 
had burned Venezuelan crude oil, witn asn nigi , 

"imin.’ Longer exposures induced 
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severe coughing and fatigue. In Sjoberg’s studies of men 

handling V205 he found some cases of marked irritation of the 

respiratory tract sometimes attended by what he describes as a 

vanadium pneumonitis. Williams reported concentrations in 

air found inside the boiler of 17 to 59 mg/cu m when men were 

cleaning off the soot from the tubes. In his case dust control 

with water sprays and the wearing of respirators appealed to 

have eliminated the trouble. 
Fluorides. Extensive studies have been made on the metab¬ 

olism of ingested fluorine compounds of various kinds, and it is 

well established that urinary excretion is a good guide to the 

amounts ingested. The inhalation of fluorine compounds has 

had much less attention because, in terms of public health, it is 

less frequent and less important. Collings et al. (78) found by 

experimental inhalations by human subjects that 8-hr exposures 

to 3.3 mg of gaseous fluorides per cubic meter per day resulted in a 

total urinary excretion of 8.1 mg. An 8-hr exposure to air con¬ 

taining 5 mg/cu m of insoluble fluoride dust (phosphate rock, 

3 per cent fluorine) caused a urinary excretion of 8.9 mg in 1 day. 

In magnesium founding, an operating requirement is the 

judicious use of oxidation inhibitors and of various fluxes which 

are peculiar to this industry. Williams (447) states that the 

inhibitors may be sulfuric acid, boric acid, sulfur, borax, soluble 

fluoride salts, and combinations of these substances. As fluxes 

in melting, ammonium acid fluoride, borofluoride, or silicofluoride 

may be used. It is these substances that cause most of the air 

contamination in magnesium foundries. 

In a large, thoroughly modern magnesium foundry Williams 

found fluoride concentrations ranging from 0.4 to 18.0 mg/cu m. 

He noted on himself that concentrations in excess of 10 mg/cu m 

caused, in a few minutes, a severe biting sensation on the face 

with runny nose. After about 20 min there may be some blood 

on blowing the nose, and this may be noted for some days after 

exposure has ceased. At concentrations below 2.5 mg/cu m, no 
such effects were noticed. 

In the electrolytic production of aluminum the electrolyte is 

molten cryolite, Na;iAlF6, which gives off fluorides, mostly NaF 

m substantial amounts. In modern plants these emissions are 

under good control, but only within comparatively recent times 

Apparently there has been very little trouble among the men 
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within the plants, but serious fluorosis among cattle grazing in 

the neighborhood has occurred. However the cause and the 

cure are so obvious that due precautions are now being taken 

and are proving effective. 

Fluorides are used as oxidation inhibitors in the coatings of 

rods used for welding aluminum and present an obvious problem 

in industrial hygiene, but control methods do not differ essentially 

from those which have proved satisfactory in welding either steel 

or galvanized iron. 

Copper. This metal and its various alloys with tin, zinc, and 

lead have been used for centuries. By and large copper is 

singularly free from blame in causing occupational illnesses. 

Such as occur today are due to various contaminants. 

Elsewhere we note that copper fumes, which are mostly Cut), 

can cause a fume fever, but the occurrence is extremely rare. 

METAL-FUME FEVER 

This is a transient disturbance that results from breathing 

rather heavy concentrations of metal tumes (406) like zinc oxide, 

copper oxide, magnesium oxide, lead, probably lead oxide, and 

manganese dioxide. 
About 2 to 8 hr after a heavy exposure to the well-dispersed 

metallic or metallic-oxide fumes, the victim experiences chills 

followed by fever like that of malaria or the reaction sometimes 

following a typhoid inoculation. 1 he patient s temperatuie maj 

reach uncomfortable heights (we have recorded 104°F in our¬ 

selves), and the next day he feels debilitated but generally can go 

to work. With the fever goes an increased white-blood-cell 

count, or leukocytosis, like that experienced in any infection. 

By the next morning the fever has abated, but the leukocytosis 

persists (Fig. 20). Then the victim is fairly immune; generally 

he can take another inhalation without experiencing a second 

attack (125). In industry attacks on successive days aie 

unlikely. , , . ,. , 
The cause of this peculiar malady is probably the absorption o 

protein material which results from the action of the inhaled 

fume particles upon the tissue of the respiratory passages. In 

our own experiments we found that the chills and fever were 

acquired far more easily if one took a few deep breaths at a rate 

of say, 5 breaths per minute than at the normal rate of 1- to 
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15 breaths per minute. Slow, deep breathing ensures penetration 

into the alveolar spaces. 
We stress the significance of particle dispersion in the etiology 

of this fever. In the smelting of zinc ores and in making zinc 

oxide the so-called “zinc shakes” (metal-fume fever) are infre¬ 

quent but well known. Exposures sufficient to cause them 

occur only when there is some sort of furnace trouble or when 

Fig. 20. A typical attack of metal-fume fever, showing increase in leukocyte 

count and body temperature and drop in vital capacity. Note that fever abates 

before the white count returns to normal. (After Sturgis et al., courtesy J. Indust 
Hyo-) 

filtei bags leak. In brass foundries the new workman may get 

an attack by getting his nose and mouth too near the fumes 

evolved in pouring castings. It does not seem to matter whether 

the zinc oxide is very pure or is contaminated with other oxides 

Also we cannot say what is the most potent particle-size range! 

but the fume is formed only of particles less than about 0.6 ju. 

If one buys ZnO as the powder and attempts to produce the 

lever by blowing the powder into the air and breathing it the 

results are not comparable to those from the freshly burned 

material. The powder is flocculated, and the clumps are hard 

o disperse. It can, of course, be dispersed very nicely in paint 

vehicles and has long been an important pigment. In the zinc 
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industry the men who pack the oxide, collected in bag filters, are 
not troubled by the “shakes,” although the amount of oxide they 

breathe can easily exceed that which causes chills if in the status 

nascendi. 

For centuries zinc has been mined and smelted all over the 
industrial world. By and large the health record, as for copper, 
has been very good. A survey by Batchelor et at. (29) in 192G of 
the employees of a large zinc smelter showed no indication of 
unfavorable working conditions. A thorough review by Hegsted 
et al. confirmed this field study (227). 

During World War II a considerable amount of welding of 
galvanized steel was done in constructing light fast vessels such 
as destroyers. Sometimes ventilation of the job was poor and 

the welder was unaware of the fact that his welding would gen¬ 
erate ZnO. Sharp attacks of metal-fume fever resulted, but even 
so the health record among ship welders was good (121, 131). 

In electrolytic refining of zinc there is a risk from arsine gas 
comparable to that in copper refining. While we do not belittle 
the risk, which is serious, it is arsenic and not zinc which is the 

cause. 
ALLERGIC REACTIONS 

An undetermined number of organic dusts produce alleigic 

reactions such as hay fever or specific skin reactions dermatoses. 
Sensitivity varies greatly and unpredictably with the individual. 
The manifestation may take the form of a bothersome dermatitis 

or again may be like that of a true poison in the commonly 
accepted sense. It is unnecessary for the offending dust to reach 
the depth of the lungs—giant ragweed pollens, for example, which 
are unlikely to reach the alveoli, can produce their effect after 
being caught in the upper respiratory passages. Should the 
offending substance be finely ground (e.g., broken-up pollens), it 

would reach the alveoli and as a result probably all reactions 

from it would be accentuated. 
Landis (270), whose contributions to the field of pulmonary 

tuberculosis and pneumoconiosis were notable, stated of organic 

lust that it “never produces the condition known as pneu¬ 
moconiosis. That some organic dusts give rise tc. protein 

intoxication, such as asthma, threshers fever, etc “ k'10"'l' 
We have often been gratified at the magic effect of good dust 

respirator^ in preventing these complaints. The adverse effects 

I 
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of plant pollens, horse dander (from currying horses), house dust, 

wood flour, etc., can generally be prevented by respirators. Also 

the engineer would do well to remember that all these organic 

dusts are combustible and the irritant usually is destroyed by 

flame. 
A severe reaction can result from breathing the dust from dried 

castor-oil beans. In a plant we studied, the oil was filtered and 

collected in the usual way. This operation gave no trouble. 
The residue from the presses was then dried and sold as high- 

grade fertilizer for golf greens. The product was expensive, 
and general housekeeping in the plant was good. Yet enough 

dust escaped to bother the employees in a neighboring foundry. 

The irritant in this dust is ricin, a protein poison of considerable 

strength. In another city it was proved that men 2 miles away 

from such a plant were affected by the dust, and the plant was 
closed permanently by court order (150). 

Human sensitivity to some of these substances can be great, 
and it varies enormously and unpredictably—facts well known 

to allergists. In making dust determinations in the castor-bean 

plant cited, one of the employees assigned to help us reacted so 
violently and so quickly to the inhaled dust that we had to get 

another helper. The first man proved to be a better dust 
indicator than the instrument we had devised for the job. 

One can be misled concerning the epidemiology of such a condi¬ 
tion when questioning the employees concerned. A substance 
like ricin dust may cause a severe reaction in only a few per cent 

of those exposed. One or two such experiences cause the man to 

leave and find a job elsewhere, but he may file no complaint. 

1 hose who stay at work are immune or at least are not seriously 

bothered. In contrast, the employees of the foundry near our 
castor-bean plant saw no reason to change their jobs because of 
the activities in another plant, a fact made abundantly clear by 

the manager of the foundry. Therefore, if we had wanted 

estimates on what percentage of exposed persons were affected 
by the dust, we might have got them from the foundry but 
definitely not from the fertilizer plant. 

INDUSTRIAL DUSTS 

Wood and Wood Waste. By and large woodworking 
sue t as saws, planers, and sanders are exhausted and the 

machines 

collected 
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material is burned. In small plants the sawdust may be piled 

outdoors, but large plants often produce steam by burning their 

wood wastes. 

Casual burning of bark, outside slabs, and other wood waste in 

incinerators can be a source of great annoyance to the neighbor¬ 

hood. The noisome effluent bears little resemblance to the 

pleasant chimney smoke of a domestic wood fire. The objection¬ 

able odor is eliminated by good combustion, which is achieved in 

the large power plants built for the purpose. Sawdust is used 

today in specially designed domestic heaters in our own North¬ 

west, where climates are moderate. The effluent is not objec¬ 

tionable. Wood and wood waste are still important fuels, both 

industrial and domestic, in Finland, Norway, and Sweden and 

presumably in Russia. 

An interesting but unusual incident was described by Towey 

et al. (419) in 1932. Railroad ties were being debarked with 

draw knives and sawed in a mill in Michigan. Only a few men 

were exposed, but they had severe attacks of asthma which pro¬ 

duced changes indicated by chest x-ray. The men were hospital¬ 

ized and soon recovered. Towey showed that the etiologic agent 

was Coniosporium corticola, a fungus spore found between the 

bark and wood of the trees. (The same fungus occurs on old 

maples in the Boston area.) The Michigan mill then did 

the debarking under a stream of water, and the trouble vas 

eliminated. 
Textile Dusts. The textile industry is one of the world’s 

oldest. The health of textile workers has been of interest to 

public health workers for a little over a century. This takes us 

back to the Industrial Revolution in England, the advent of 

mechanization and of large factories. 
In this country the trend in textile processes is toward ever- 

increasing mechanization, standardization of products, and reduc¬ 

tion of yarn and cloth to as few varieties as business permits. 

This trend is strongly apparent in the cotton-textile industry ut 

perhaps a little less so in the woolen industry. Our linen business 

has almost disappeared. The synthetic textiles like rayon nylon, 

vinyon, and the glass fabrics are made by highly mechanize* 

processes, and dust problems are almost nonexistent, 1 his is 

inherent in the processes themselves and is not the result of 

hygienic foresight. 
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Cotton-mill fever is a mild transient malady, not unlike metal- 

fume fever in its manifestations. It can be acquired by most 

people simply by breathing dust when bales of raw (otton or 
linen are broken out in the first step in processing. It is decreas- 
ingly common in the later steps as the textiles aie ('leaned and 

made into yarn. It can be prevented by dust control, by atten¬ 
tion to ventilation, or by the wearing of respirators. It has been 

described in considerable detail (349, 350), and it is recognized 

that an attack confers a certain temporary resistance, as in 

metal-fume fever, which lasts for a day or so. 
In Britain respiratory disability among cotton-textile workers 

is something of a problem, and the situation seems to be quite 

different from ours in the United States. Byssinosis (3G7), the 
respiratory complaint resulting from cotton-dust inhalation, is 

almost unknown in the United States, probably because of our 

relatively high degree of mechanization, an observation made by 
the British Textile Commission in 1944 and discussed very fully 

in their report comparing the cotton-textile industry in the two 
countries (336). 

In our American mills, in both the North and South, one can 

usually find both workmen and executives who have had occa¬ 

sional attacks of “mill fever” but ‘‘no existence of byssinosis as a 

clinical entity” (350, 367). American mills, especially weave 

rooms, are by no means dust free, but with our mechanization 
there is incorporated some sound and efficient dust control— 

probably giving air which generally is cleaner than one finds in 
British mills. 

There is no question that the rapid increase in production of 
synthetic yarns, rayon, nylon, vinyon, and others which are sure 

to come, has resulted in improvement in working conditions in 

American cotton mills. The synthetic yarns are made in mills 

with modern equipment. In most cases the building and every¬ 
thing in it are ultramodern. Temperature control is essential, 

while cotton mills, in the past, paid attention especially to 
humidity control and usually made no attempt at air cooling 

in warm weather. Our people, educated to air conditioning in 
theaters, stores, trains, hotels, and even private homes, simply 

w." not work m places that are hot and dusty if other jobs are 
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CHAPTER 4 

PHYSICAL AND CHEMICAL FACTORS IN 

PNEUMOCONIOSIS 

SILICA 

Silicosis was recognized as a definite medical entity, concealed 
under various names, long before Koch’s identification of the 
tubercle bacillus or Roentgen’s discovery of the x-ray. We have 
referred to Agricola’s observation (1556) of the high mortality of 
the hard-rock miners in the Carpathian district. But strangely 
enough it was not until early in this century that the unique 

hygienic significance of silica began to be realized. 

OCCUPATION QUARTZ CONTENT 
OF DUST 

PERCENT DEATHS FROM 
PULMONARY TUBERCULOSIS 

FLINT KNAPPERS 
(Brandon) 100% 77.8 % 

grinders 
(Sheffield) 50 to 100% 49.7% 

GRANITE-CUTTERS 
( Me.and N.H.) 30% 

POTTERS Certain processes only 

COAL-MINING 

Fig. 21. Mortality from pulmonary tuberculosis in various dusty trades. 

Just who deserves credit for first laying emphasis on silica and 
particularly upon quartz is questionable; however there is litt e 

doubt that Collis’ (79) Milroy Lectures (in 1915) brought to a 
head theories and explanations that had been suggested from 

time to time by Beattie, Haldane Hoffman, and others _ 
In Fig 21 are shown data adapted fiom Collis ( ) 

illustrate the significance of free quartz in respirable dust We 

would say today that silicosis is potentially endemic in any job in 

which the worker breathes fine silica dust. 
Silica occurs most commonly as the mineral ^artz, ^hich h 

a characteristic crystal structure, a spec.hc gravrty of 2.66, and 
7G 
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hardness of 7; it is weakly birefringent (with indices of 1.54 and 

1.55), varies in appearance from transparent to opaque, and 

often’ is colored brilliantly by various contaminants, as in the 
amethyst. It is probably the most widely occurring mineral and 

chemically one of the most inert and inactive. Silica is a natural 
contaminant of a vast number of common minerals and is found 

in most rocks. Among the commonly occurring forms are 
ordinary beach sand, chert, flint, sandstone, gritstone, ganister, 

quartzite, jasper, cristobolite, and tridymite. Sandstone is 
always associated with the clays, while many common rocks like 
granite contain important but varying amounts of quartz. In 

the above examples, notably chert and flint, some amorphous 

silica (opal) may be present. 
The amorphous or common colloidal variety of silica, opal, 

usually contains about 10 per cent water, has a hardness of 5.5 

to G.5, and a specific gravity of 1.9 to 2.3. In nature common 
opal occurs very widely, the varieties such as tripolite and 
diatomaceous or infusorial earth being used universally for 

polishes and for thermal insulation. 
All these forms of silica have produced characteristic pulmonary 

disability in man. Some are more toxic than others, but the 

differences are not great enough to be of practical hygienic 

significance. 
Hardness of Silica. Until about 1915 it was thought that the 

peculiar physiological action of quartz dust was dependent 
mainly on its hardness. Men engaged in grinding steel on 

sandstones were harmed, it was claimed, not only by the sand¬ 
stone particles but also by bits of sharp hard steel. 

These notions were dispelled with finality by Gardner’s experi¬ 
ments (173) with silicon carbide, SiC, and fused aluminum oxide, 
AI2O3, both of which are much harder than quartz. Gardner 

showed that the physiological effect of these two artificial abra¬ 
sives was practially nil as compared with quartz, an observation 

confirmed by C lark (75) on men exposed for a number of years to 

abrasive dusts. Gardner (176) showed also that the diamond, 
the hardest substance known, was inert physiologically. 

Solubility of Silica. It had been shown by Gye and Kettle in 

1922 (199, 254), and later widely confirmed, that colloidal silica 

is very toxic and can produce pathological changes typical of 

silicosis. This fact suggested a possible explanation of the cause 
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of silicosis, viz., that the toxic action of the colloidal silica said to 
he present in the inspired quartz dust caused lung fibrosis. It 
was argued that, if colloidal silica was toxic, then silicosis could 
be caused by that portion of the inhaled quartz dust which 
behaved like colloidal silica. 

Bloomfield et al. (44) found 40 ppm of silica dissolved in the 
urine of miners after heavy exposures to coal dust containing 
quartz. King and Dolan (255) reported 10 to 60 ppm in the 
urine of gold miners exposed to quartz dust and about 10 ppm in 
the blood of normal men, whether exposed to dust or not. 

Among geologists and chemists, quartz is considered an unusu¬ 

ally inert and insoluble compound. Sosman (396) remarks that 
“it is about the last substance on earth that the chemist would 

have suspected of being poisonous.” 
King (251) has reported extensively on the solubility of differ¬ 

ent forms of free silica in biological fluids and suggests that 

pathogenicity increases with solubility. He noted the limita¬ 
tions of solubility tests made in vitro and was searching for a 
promising relation between solubility and pathogenicity. In the 

paper cited he stated: 

All sizes of quartz particles behaved as if a soluble fraction of silica was 
being leached from their surfaces, leaving a relatively insoluble residue, 
or core, which seems to be resistant to the dissolving action of water. 
The amount of teachable silica which can be dissolved from the particles 
is greater with the samples of small size quartz than with those of laigei 

size. 

Clelland et al. (76) recently showed the existence of a “high- 
solubility”1 layer on dust particles from rock crystal, silica sand, 
fused amorphous silica, olivine, and orthoclase feldspar and 
demonstrated that it was actually a vitreous silica layer formed 

during the production of dust by crushing or grinding. They 
state that “a siliceous dust particle may be considered as a rela¬ 
tively insoluble core covered by a layer which exhibits a higher 
solubility rate,” confirming an astute forecast by King. In one 
series of determinations Clelland showed that the solubility of 

freshly ground dust decreases on standing. 
He noted further that the prolonged grinding of quartz, as in an 

i The results of this work to date have been admirably summarized m a 
critical fashion by Dempster and Ritchie and by Nagelschmult el al. (10.)). 
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agate mortar, reduced its density from 2.048 to 2.550. I his 

fact he attributes to a partial conversion of the dust particles to 

vitreous silica. If such changes, of a physicochemical sort, are 
demonstrable, it seems reasonable to assume that something of a 

surface nature could he the explanation of the differences in 

toxicity between freshly fractured and old quartz dust. 

PARTICLE SIZE 

Practical Limits of Size in the Air. Particle size of industrial 

dust is never under control but varies with the method of produc¬ 
tion and with the nature of the original material from which the 

dust is generated. 
It is impossible commercially to grind any mineral to a degree 

of fineness and uniformity comparable to that exhibited by 

metallurgical fumes. There are two reasons for this: (1) it takes 

less force to produce large particles than small, and (2) the fine 
particles act as cushions around the coarse ones, damping the 

impact and thus preventing further shattering. For this reason, 

in some commercial grinding plants an effort is made to remove 
the fines as rapidly as they are formed. 

Because of the difficulties associated with commercial fine 
grinding, Kotze (300) suggested that ordinary industrial processes 

are unable to crush appreciable quantities of dust to a size less 
than 0.5 m- Bloomfield (42) agreed and in substantiation found, 

by particle-size measurements of about 50 industrial-dust 
samples (collected with Owens’ apparatus, Chap. 8), that only 
20 per cent of the particles were smaller than 1 /j, the median size 

being 1.3 g. No significant difference in size was observed among 

the various industries. In contrast to these results, dust in the 

general atmosphere was found to have a median size of 0.5 /jl, with 
only 3 per cent of the particles being larger than 1.0 m- From 

these data, which agree with the findings of others, including our¬ 

selves, it is suggested that industrial-dust particles are larger 
than 0.5 M and that the great numbers of particles less than 0.5 n 

observed in dust samples are present in normal air as well as in 

industrial atmospheres and therefore have no hygienic sig¬ 

nificance. We disagree with these conclusions forseveral reasons. 
. It is true that dust of subsieve size cannot be produced on a 

practical scale by any present crushing process; the power con¬ 
sumption is too great because of the cushioning effect. But when 
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dust particles are thrown off by the blow of a pneumatic tool, 
they are scattered immediately and no cushioning or softening of 
the blow takes place. The effect is like that from blasting. 

2. It countless numbers of submicroscopic particles are present 
in the general atmosphere, particle-size samples collected in 
factories as well as general-air samples should show their propor¬ 

tionate numbers of such particles. Our investigations indicate 
that <0.5-ju particles are not present in vast numbers in normal 

air since we have never found more than 12 million particles per 
cubic foot in average city air, with dark-field microscopy. 

3. The limit of resolution of the light-field microscope is not 
much less than 0.5 m under the most favorable conditions, and it 
seems to us that this method of measurement should not be used 
to determine the presence or absence of particles smaller than 
0.5 m- Particles of carbon and other organic matter in normal 
air are likely to be opaque and are therefore visible in smaller 
sizes than is the case with transparent and semitransparent 
particles of siliceous material; this opacity tends to exaggerate 

the difference in size between normal and industrial dusts. 
4. Vast numbers of particles below 0.5 n are generated by 

industrial processes. For example, Hatch and Pool (221) found 
that 1012 particles less than 0.8 m are produced each minute by an 

ordinary pneumatic rock drill. 
Higgins et al. (232) demonstrated the presence of excessive 

numbers of mineral particles in a mine heading some 4 hr after 
work had stopped. Hatch and Pool found ten times as many 
particles in impinger samples by dark-field microscopy as were 
noted by ordinary light-field microscopy and showed that these 
particles were definitely of industrial origin. Thus, a general-air 
sample taken in a granite shed gave counts of 229 X 10* and 
18 9 X 106 particles per cubic foot by dark-field and light-fiek 
illumination, respectively. Therefore, 210 X 106 particles per 

cubic foot were too small to be seen by the standard setup 1 hat 
they were of industrial origin is proved by the fact that the con¬ 
centration in the general air just outside the plant was only 

20 X 106 by dark-field microscopy. . 
From the above evidence it is our opinion that the lower limit of 

dust particles produced by operations like rock drilling « well 
below 0.5 though this lower limit has not been determined. 

The upper limit is, of course, well within the visible range. 
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The maximum size likely to be inspired is well within micro¬ 

scopic limits. According to Fig. 3, a 10-m particle settles at a rate 

of 0.5 cm/sec and a 20-m particle settles at 2 cm sec. the piac- 

tical limit, therefore, cannot be much above 20 m- This conclu¬ 
sion is supported by that of the Barre granite study (358): “The 

difference between total particles and the particles under 10 m was 

Table 9. Particle Sizes for Some Representative Aerosols 

Aerosol 

Diameter 

mass median, 

M 

Standard 

geometric 

deviation 

Water drops from hollow cone spray nozzle at 

100 psi; 0.063 in. orifice diameter 

1220 3.4 

Hard, close-grained shale dust containing 29% 

free silica; produced in a drilling operation 

in a hard heading in a coal mine 

101 3.4 

Fly ash 69 2.4 

Sea fog 38 1.6 
Rye-flour dust in flour mill 16 1.6 

Dust from beryllium ore treatment; sample 

taken 12 ft from discharge end of kiln 

10 2.6 

Beryllium fluoride (BeF2) fume from furnace 

pouring operation; sample taken 10 ft from 

furnace opening 

2.3 2.2 

Atmospheric dust from 14 U.S. cities (average) 0.97 1.56 
Zinc oxide pigment (a fume) 0.59 1.28 
Shawinigan acetylene carbon black; longest 

dimension of individual particles (electron 
microscope) 

0.087 1.55 

Red blood cells (for control) 7.85 1.08 

Source: After Friedlander et al. (169). 

very slight and was not significant in the dust found in the 
granite sheds.” While the number of particles greater than 

10 m may be insignificant, the bulk of the weight is contributed by 

such particles. Thus, in several foundry-dust samples we found 
73 per cent of the weight contributed by particles over 10 m, 

whereas these amounted to only 1 per cent of the total number’ 

in 1 able 9 are given mass median diameters/ in microns, and 

palttet;.: “d ”0l0W WhiCh th° "*“* ^ -0 -aUcr 
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standard geometric deviations of some representative aerosols 
with a last item showing, for comparison, human red blood cells of 
which the uniformity is unique. 

Physiological Limits of Particle Size. The role played by fine 
particles in the production of lung fibrosis was first emphasized by 

McCrae (308) in 1912. Seventy per cent of the particles in 

Fir 22 Photographs of livers and spleens of rabbits injected with silica particles, 
of average size indicated, 18 months after injection of dust. (After Tebbens et at., 

courtesy J. Indust. IIyt). 7 oxicol.) 

silicotic lungs were found by him to be less than 1 a, and the 
largest particles did not exceed 10.5 a- liesults obtained by 
others are in substantial agreement. Largely on the basis of this 
work Mavrogrodato (300) defined phthisis-producing dust as 

particles of free silica of 0.5 to 5 a in diameter. Gardner and 
Cummings (170) showed that a much severer reaction resulted 

with a given weight of 1- to 3-m quartz particles than with an 

equal weight of 0- to 12-m particles, the latter being comparatively 
inert. Tebbens, Schulz, and Drinker (411) found that the 
notency of quartz increased markedly as one goes on down from 
3 to 0 0 g (Fig. 22). In Tebbens’ experiments rabbits received 
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intravenous injections of saline suspensions of quartz in the size 

ranges indicated. 
Hatch and Kindsvatter (219) dusted guinea pigs with quartz 

dusts averaging 0.18 m at concentrations of 35 mg/cu m. Ihe 
damage produced was profound; yet the actual amount of quartz 

in the lungs at autopsy was less than 35 mg per animal—far less 

than the amount found in the usual dusting experiments. 
How freely one has a right to compare effects derived from 

experiments by injection with those by inhalation is problem¬ 

atical. But the conclusion is inescapable: potency increases 

inversely with particle size, other things being equal, and the 
relationship is not a simple linear function. That is, 0.4-ju quartz 

is more than twice as potent as that of 0.8 /z. 
Epidemiological evidence all goes to show that chronic inhala¬ 

tions and plenty of time are required for the inhaled dust to 

initiate the lung fibrosis of silicosis. So far as we know lesions 
like those Hatch and Kindsvatter produced on animals have not 

been seen in man. Further, we know of no industrial exposures, 

past or present, in any way comparable, but naturally would 
regard them as potentially extremely dangerous. 

1 here are no data, at present, purporting to define either the 
upper or lower size limits of particles of such toxic substances as 

lead or other metal fumes or the allergy-producing dusts. Gen¬ 

erally it is admitted that the finer the particle size, the greater the 
hazard. 

CHEMICAL COMPOSITION OF DUSTS 

Differential Disintegration and Selective Settlement. Dust 

consists of finely comminuted grains or particles composed of the 

same mineral constituents as the parent material. It does not 

follow, however, that the percentage composition of the air-borne 
dust is the same as that of the parent substance; there are, on the 
contrary, two important factors that act to change the composi¬ 

tion: (1) differential disintegration and (2) selective settling of the 
dispersed particles. Under the action of the first, the material 

may shatter in such a way that one or more constituents tend to 
break free as large particles while others are released in the form 

of minute particles. When all these particles are thrown out into 
the air, the large ones, because of their much higher settling 

tho0finy’ a,C rTd 7 reumoved from thc air> having in suspension 
the finer particles, with, perhaps, a different composition, to be 
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inspired by the exposed workers. Selective settling is also 
affected by the shape of the particles, and for a given size, flat or 
platy particles will remain longer in suspension than roundish 
particles; this may cause a further change in the percentage 
composition of the suspended dust. 

The importance of these factors was first emphasized by W. II. 
Jones (248), who pointed out, for example, that the banket in the 
South African gold mines is made up of large crystals of quartz 

cemented together with a 
matrix of fibrous sericite 
(Fig. 23). When this rock 
is crushed by the action of a 
rock drill, the large particles 
of quartz are set free without 
much shattering and the seri- 
citic cement is released as fine 
dust. The large quartz par¬ 
ticles settle out of the air rap¬ 
idly, leaving the sericite in 
suspension; thus, after 3-hr 
settling, Jones found very 

Fig. 23. A microscopic section of Trans- quartz ill the ail*; the 
vaal “banket.” Clear areas are quartz; , , nlmnst 
acicular aggregates are mostly sericite. dust had become almost 
(After Jones, courtesy J. Hyo-) pure sericite (Fig. 24) (240- 

The same change was noted by Moir (319) as early as 1915 when 
he reported “that many of the particles in mine air, particularly 
after blasting, are not quartz, but come from the aluminous 
matrix of the banket: particles of sericite, chlorite and rutile or 
anatase are comparatively frequent in air after blasting and 
when water blasts are in use, seem to resist wetting more than 
quartz particles do, and consequently remain unlaid. ( hemica 
analysis of air-borne dust at that time revealed a great increase in 
its alumina content as compared with the quantity n. the original 
o e In spite of this early observation, it has been common prac¬ 
tice to report the free silica content of the dust m these mines 
based on the analysis of the original banket, as 80 pci ten o 
more in contrast to this, Jones has calculated from chemical 
miTysis of the fine dust itself that its quartz content may he as 

'^emph^rthe significance of those factors Dr. Jones draws 
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the following analogy (158): “When a wall built of quartz 

boulders is pulled down, the bulk of the dust comes not, from the 

quartz boulders but from the mortar.” He says further: “A 

sericitic sandstone containing 75 per cent or more of tree silica 

can give rise to dust of respirable size which contains less than 25 

Fig. 24. The increase in the ratio of fibers of sericite to quartz particles at different 
periods after blasting in Witwatersrand gold mine: (a) about 15 min after blast¬ 
ing, (b) about 1 hr after blasting, (c) about 2\i hr after blasting, (d) about 3 hr 
after blasting. {After Jones, courtesy J. Inst. Mining Met.) 

pci cent ol bee silica and more than /0 per cent of sericite in 

minute particles. Work at the University of Birmingham 

(430) confirmed the importance of differential disintegration and 

selective settling. Analyses of air-borne dusts produced by rock 

(hill.s showed almost invariably that the free-silica content is 

appreciably less than for the coarse borings from the same rock. 

Hurlbut and Beyer (239) showed that the selective settling of 

certain foundry dusts resulted in the rapid concentration of 

sericite in the air-borne dust so that the dust inspired by the 
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foundry workers was rich in serieite in spite of its very low con¬ 

centration in the original foundry sand. 

In the southeast Missouri lead belt, the lead occurs as galena 

(specific gravity, 7.4; hardness, 2.6) in dolomite (specific gravity, 

2.8; hardness, 3.7). Because galena is two and a half times as 

F,o 25. Thin section of sandstone pebbles dolomite mam*, ana crystals of 

zalena, PbS, from southeastern Missouri lead belt. X35. Wourtesv Dr. C. S. 
Hurlbut, Professor of Mineralogy, Harvard University.) 

heavy as dolomite, there is a decrease in the lead content of the 

air-borne dust as compared with the content of the parent rock. 

Thus we found that the lead content of impinger dust samples 

from these mines rarely exceeded 0.5 per cent although a com¬ 

posite rock sample averaged over 4 per cent lead. he degiee o 

which these factors act to alter the composition of the suspended 

dust depends upon the structure of the origmai matenad, o 

this determines the manner in which it crushes. hedeg 

nonuniformity in the size of particles produced is greatei and t 

tendency for one constituent to be released in larger sizes than 
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others is more marked in the case of a coarse flaky granite or 

granitic schist, for example, than in a fine-grained compact stone. 

In Fig. 25 is shown a thin section of rock from a lead mine 

where the ore body dips down below the usual dolomite bed into 

sandstone. When such a rock is drilled, the dust thrown into 

the air is mostly dolomite as the cjuartz pebbles are fairly large 

and are not easily powdered. Considering only the composition 

of the parent rock we doubt that anyone could make even a 

reasonable guess at the percentage of free quartz in the air-floated 

Table 10. Composition of Coarse and Fine Fractions of Unused 

Foundry Sand (Containing Natural Bond) 

Constituent 
Percentage by weight 

Total sample >10 /X < 10 /X 

Combustible. 2.3 0.7 12.7 
HCL soluble. 5.5 1.6 30.5 
H2SiF6 soluble (clay). 16.0 12.7 37.5 
Residue (quartz). 76.3 85.0 19.2 

Total. 100.0 100.0 100.0 

dust. 1 he parent rock could easily contain over 40 per cent free 

silica, while the air-floated dust might contain less than 5 per 
cent. 

Foundly dust presents an interesting case. A good molding 

sand is made up of about 80 per cent quartz in the shape of 

coarse particles; the bulk of the remaining material is clay in the 

form of fine particles which coat the coarse quartz grains. The 

chemical composition of the finer fraction (say below 10 p) of 

material in foundry sand is markedly different from the composi¬ 

tion of the coarse fraction. This is clearly shown in Table 10. 

One notes, for example, that there is over four times as much free 

silica in the coarse as in the fine fractions, whereas the clay and 

acid-soluble constituents contribute nearly five times as much to 

e smaller sizes as to the coarse grains. The organic and other 

combustible matter is also concentrated in the fraction under 

Strictly speaking, relatively little dust is actually produced by 
the basic foundry processes, such as preparing sand, molding, and 
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shaking out. These operations merely cause the dispersion of 

the fine material already present in the molding sand without 

breaking down the coarse particles to any extent.1 Hence the 

air-borne dust in a foundry will contain much more clay, etc., of 

respirable sizes and correspondingly less free silica than the 

original molding sand. 

A microscopic study of the original material from which the 

dust arises and a knowledge of its geological history will be helpful 

in estimating the importance of differential disintegration and 

selective settling in determining the change in composition of 

the dust from the parent rock. It is clear from the foregoing 

that one cannot judge the chemical and mineralogical composition 

of the dust that actually gets into the lungs of the exposed workers 

by analyzing only the parent substance; nor is it safe practice 

to analyze for this purpose a deposit of settled dust, such as 

a “rafter sample,” since the settled material, owing to the 

higher settling rate for coarse particles, contains a greatly ex¬ 

aggerated proportion of coarse particles as compared with the 

number in the air. It is necessary to separate the dust sample 

into size fractions in order to study the change in composition 

with size, and the sample itself is best taken directly from the 

air at the breathing zone (page 200). 

1 Some of the quartz in contact with the molten metal in the mold is 

broken down by the intense heat and the frce-silica content of the fine frac¬ 

tion may be increased, but this is counteracted by the dilution given by the 

powdered coal that is added to molding sand in many iron foundries. 



CHAPTER 5 

DUST RETENTION BY MAN 

The dust-catching mechanism of the upper respiratory system 

operates somewhat like that of a commercial viscous filter; there 

are tortuous moist passages to the walls of which dust particles 

can adhere. In addition, the hairs of the nose catch some dust 

during respiration. This defense mechanism easily is overloaded, 

and it functions poorly when the particles approach a size 

corresponding to the lower limits of microscopy, viz., <0.3 n. 

Then they behave as part of the transporting gas, and the 

chances of their being centrifuged out against the walls of the 

respiratory tract or impinged in the alveoli are virtually nil. If 

one considers the mechanics of respiration, it is realized that air 

movement in the alveoli themselves must be close to still-air 

conditions. 

In 1882 Tyndall (421) examined exhaled air and concluded it 

was dust free, but Owens (329) in 1923 repeated the essentials of 

Tyndall’s experiments and collected exhaled dust with his jet 

counter. A careful hygienic study on this subject was made by 

Saito in 1912 in K. B. Lehmann’s laboratory. He worked first 

with animals and then collaborated with Lehmann (283) in 

human expeiiments, but the results were inconclusive. 

In 1933, G. Lehmann (282) reported that the nasal filtration of 

normal men was somewhat better than that of miners with 

silicosis. Lehmann’s determinations were made from grab 

samples taken with an Owens counter. Tourangeau and 

Drinker (418) measured nasal filtration of normal men by having 

t iem hold their breath and drawing air of known dustiness 

rough the nose and out through the mouth. They then 

repeated the experiment with the air flows reversed—altogether a 

wst' u"p'easfnt ordeal- Davies (101), Landahl and Black 
(2 >8), and Boyland el al. (48) carried the nasal-retention studies 

■C ' hor and established beyond argument that the nose is 
unimportant as a medium for catching fine particles. 

89 
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A filtering device that catches respirable dust effectively 

imposes a considerable resistance to breathing. Baumberger 

(31), in studying tobacco-smoke retention, avoided this difficulty 

by using an electric precipitator to collect exhaled particles and 

thus determined smoke retentions on puffing and inhaling cigar¬ 

ettes. He reported 67 per cent over-all retention on puffing and 

88 per cent on inhaling, figures that now seem too high. 

In 1924, Sayers et al. (366) were studying possible risks from the 

use of tetraethyl lead in motor fuel. They made a few studies on 

Vent. 

1 

Fig. 26. Apparatus used for determining the retention of inhaled dust by man. 

(After Brown, courtesy ./. Indust. Hyg.) 

man of lead-fume retentions, air being taken from the Bureau of 

Mines’ gas cabinet. At concentrations of 0.35 to 10.4 mg of lead 

per cubic meter only 15 per cent was retained. This low figure 

was attributed to the minute size of the lead-fume particles. 

With a modification of Sayers’ technique, Drinker et al. (128) in 

1926 made a number of dust- and fume-retention studies on 

normal adults, but it was not until Carlton E. Brown’s papers 

(57, 58) that extensive data were made available. 

Brown’s subjects inspired dust or tume from a 1200-cu ft 

cabinet and expired into a spirometer in which the volume o 

exhaled air was measured. Dust in the exhaled air was collected 

in an electric precipitator (Fig. 26). 
In Fig 27 we give some of Brown’s curves, which indicate the 

average amount of dust or fume a normal man will retain on 

breathing known concentrations. The average man, breathing 

at 20 respirations a minute, inhales about 10 liters a minute am 

retains about 60 per cent of inspired dust. 
Brown’s magnesium oxide fume was made by tuning mag 

JT ribbon and bis calcium carbonate dust resulted from 
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blowing 325-mesh limestone into the air of our gas cabinet. At 

least 20 min was allowed before experimental inhalations were 

made. Repeated tests had shown that particle size approxi¬ 

mated that of metallurgical fume for the Mg() and of respirable 

con- 

rock dust for the limestone. Brown’s results showed total reten¬ 

tions of about GO per cent for dusts and less for the fumes, but the 

way in which these fractions were divided between the upper 

respiratory passages and the alveoli was not investigated. 

° interest also are Brown’s curves in Fig. 28, which show that 
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the percentage retention decreased with increasing respiratory 

rates up to 20 respirations a minute. No further change occurred 

with higher rates. Blumgart (46) found the same sort of relation¬ 

ship between respirations per minute and the retention of ethyl 

iodide gas. Drinker et al. (127) had reported that slow deep 

breathing of zinc oxide fume at 5 or 6 breaths per minute was 

more apt to produce metal-fume fever than was a normal rate of 

15- in the light of Brown’s curves this is explained by the higher 

retention always associated with slow, deep breathing. 

Findeisen in 1935 (151) and, later, Davies (102) calculated air 

flow within the respiratory passages during normal breathing, as 

varying from 150 cm/sec in the trachea down to 1 cm/sec an 

less in the terminal bronchioles. Findeisen estimated that 

alveolar retention would vary from about 30 per cent with O.G-m 

particles to around 90 per cent with 2-/z particles Expeiimc 

tally Van Wijk and Patterson (432), then Landahl and Henman 

2 9)’ and later Wilson and La Mer (453) studied he effect of 

particle size on retention by man. The various ^1U=- 

‘d by .1. II. Brown et al. (04) and by Davies (102 at about e 

same time, but quite independently, and are illustrated by 

'"'CM™* experimental approach was „«l by J. H. 
Brown ei al (04) who determined in man the variation m alveolar 
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penetration with particle size. Carefully sized fractions of china 

clay were prepared and dispersed in water to which a stabilizer 

was added. A high-pressure atomizer drew up the dust suspen¬ 

sion and impinged it against a plate to break up large dioplets. 

Fine droplets passed through a heater so that samples delivered 

to the subject were well dispersed and free from entrained 

moisture. 

Fig. 29. Relationship between percentage alveolar deposition of inhaled dust 
and particle size (comparison of predicted relationship with experimental data). 

(After Brown et al., courtesy Am. J. Pub. Health. See References 453 and 218.) 

The subject lay at rest in a Drinker artificial respirator, set at 

15 respirations per minute, and inhaled dust-laden air (at low 

concentration) through a face mask. He exhaled through a 

rotary valve, then through an electric precipitator, and into a 

series of gastight bags. 1 he rotary valve operated automatically, 

with the respirator, so that fractions of each exhalation could be 

taken in the appropriate bag. By the C02 content of these 

exhalations it was possible to estimate what part of the exhalation 

was alveolar air and wrhat part came from the upper respiratory 

passages. The results are given in the three curves reproduced in 
Fig. 30. 

► In Fig. 31 are shown their experimental data plotted as the per¬ 

centage of inhaled particles deposited in the upper respiratory 

tract and in the alveoli. The alveolar curve, the solid or Max 

me assumes retention in the upper respiratory tract equal in 

both directions, while the dotted line represente one-way reten¬ 

tion in the upper respiratory tract. One represents the maximum 
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and the other the minimum, the true value lying, probably, 

between the two. 

The optimum size particles for alveolar deposition is about 1 

and the probability of their being so deposited is about the same 

Fig. 30. Summary of experimental determinations of upper respiratory tract, 
alveolar, and total retention of inhaled dust in relation to particle size. (After 

Brown et al., courtesy Am. J. Pub. Health.) 

Fig. 30. (After Brown et al., courtesy Am. J. Pub. tleaun.) 

for particles smaller and larger than 1 m, *>•, 0.5 M as compared 

with 2 m, 0.25 M as compared with 4 M, etc. 
In a recent series of experiments by Wdson et al (452) usmg 

uranium oxides of 2.C and of 0.45 m, >t was found that, alveol.. 
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deposition was 0.9 per cent and 8.3 per cent, respectively—more 

of the finer material was retained than of the coarser. Surpris¬ 

ingly they found that the upper lobe of the right lung (of the 

rats used) had the highest retention and fastest elimination rates 

of any of the five lobes, while the middle lobe of the right lung 

also differed from the others. So far as we know, these are the 

first experiments reported in which dusts of well-controlled dis¬ 

persion, in low concentrations, were used for obtaining retentions 

and the results were actually measured at autopsy. 

In our opinion these results help greatly in explaining the role 

of particle size and dispersion in silicosis, a disease caused only by 

particles that penetrate to the alveoli and remain for a consider¬ 

able period. 

At this time there have been no comparable studies on the 

comparative effects of deep lung penetration vs. retention in the 

upper respiratory tract of particles like those of lead fume. Prac¬ 

tical evidence supports strongly the general belief that, other 

things being equal, the toxicity of all the particles increases 

inversely with particle size. 

Carrying this thought a little further, on the basis of densities, 

the optimum size for alveolar retention of lead dust would be 

about 0.5 as compared with that of 1 n for silica. It is to be 

noted that, for uranium dusts which are heavier than lead, 

Stokinger found heavier alveolar deposition at 0.45 n than at 2.6 



CHAPTER 6 

THE DUSTY TRADES 

Hoffman (235) estimated in 1918 that there were approxi¬ 

mately 4 million workers engaged in dusty occupations in the 

United States but that of these only 1.7 million were exposed to 

metallic and mineral dusts. In 1933 Van Siclen (431) prepared 

an estimate of the number of men in various industries exposed to 

dust capable of producing silicosis (Table 11). 

Table 11. Number of Men in Dusty Trades in the United States 

(1933) 

Process Total Exposed 

Metal mining. 62,268 

Nonmetallic mining, omitting tunnel and foundation excavation 23,665 

Bituminous coal mining, underground. 450,513 

Bituminous coal mining, open pit. 8,219 

Anthracite mining, underground. 143,063 

Anthracite mining, independent washeries. 269 

Smelting, nonferrous plants. 13,166 

Smelting, ferrous plants. 24,960 

Cement plants. 33’no9 
Asbestos products. 

Abrasive industry. ’ 

Clay products.••••■■• ^ 
Cutlery. 

Glass manufacture. ’ . 
Granite, slate, marble, and other stone products. ’ 

Hones, whetstones, and similar products. 7 
_ , , ,   39,697 
Iron and steel. 926 

Mineral fertilizers. 1679 
Minerals and earths, ground. ’ 

Nonferrous metal alloys and products. S3'409 

Pottery, including porcelain ware. ' 
Sand-lime brick. 

Source: Adapted from Van Siclen. 

Lanza and Vane (274) in 1934 went further and estimated the 

number within each industry actually exposed to silica-bearing 

dust (Table 12), whereas Van Siclen simply gave the total number 

96 
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employed in each industry. The total number of men engaged in 

miscellaneous dusty industries was put by Lanza and \ ane at 

2 million of whom at least 5 per cent were said to be exposed to 

silica dust. Hence, one must increase the estimate in Table 12 by 

100,000. 

Table 12. Estimated Number of Men Exposed to Dust in Various 

Industries in the United States (1934) 

Process 

Percentage 

of all 

employees 

Number 

exposed 

Metal mining. 100 62,000 

Anthracite coal mining. 20 30,000 

Quarrying of granite, ganister, sandstone, etc.. . 100 22,000 

Smelting and refining. 100 18,000 

Foundry workers. 100 200,000 

Potteries, glassworks, stone products. 

Grinders, buffers, sand blasters, vitreous enam- 

50 70,000 

elers. ? 62,000 

Estimated total for chief mining, quarrying, and 

manufacturing industries. 450,000 

Mining is traditionally a job with potential dust exposure; so a 

breakdown of numbers of men engaged in different kinds of 

mining is of interest. Table 13 was given us by the U.S. Bureau 

of Mines (162) and is for the United States. Table 13a gives 
comparable figures for Britain. 

Table 13. Men Employed in Mining in the United States (1949) 

Types of Mines Average Number of Men Employed 

Metal. 71,664 
Nonmetal. 12,077 
Anthracite. 75 575 

Bituminous coal. 409,431 

Total. 669,047 
Source: Courtesy J. J. Forbes, U.S. Bureau of Mines. 

Clearly coal mining, in terms of numbers of men, is more 

important to the present discussion than are all the other mining 
and quarrying jobs together. 

Dust Concentrations in the Dusty Trades. One cannot depict 

us concentrations in units which are universally accepted. As 
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dust problems have been realized, their magnitude appraised, 

and corrective measures applied, there has grown up a very useful 

series of tabulations of concentrations, some based on dust 

weight per unit volume and others on dust counts. In general 

both very high and very low concentrations are reported hy 

weight, while the range of concentrations causing silicosis, which 

fall between, have generally been estimated by count. 

Table 13a. Men Employed in Mining in Great Britain (1948) 
Mining Total 

Coal. 795,000 

Iron ore and quarrying. 7,000 

Stone quarrying and mining. 41,000 

Slate quarrying and mining. 7,000 

Clay, sand, gravel, and chalk pits. 18,000 

Other mining and quarrying. 13,000 

Source: From the Central Statistical Office, London (17). 

Recently First and Drinker (157) assembled these figures in a 

chart (Fig. 32) which covers the high concentrations in pneu¬ 

matic conveying (103 g/cu m) down to values suggested for 

radioactive elements (10~13 g/cu m). If one wants to show this 

range on a single page, it is easiest done if the scale is logaiithmic. 

The obvious defect in this chart is that concentrations are all 

given by weight and none by count. The authors were bothered 

even more by the fact that dust estimates made by thermal 

precipitator and counting under a 2-mm objective are not com¬ 

parable to those resulting from impinger sampling and counting 

under a lG-mm objective. Very useful figures have been pub¬ 

lished by Badham in Australia using the Owens counter and 

many more by the South African investigators usflig the koni- 

meter Accepting these differences, First and Drinker adopted 

the conversion figure of 0.1 mg (see page 121) as equivalent to 

5 million particles. Their possible error then involved only the 

small range from 10"3 to 10~4 g/cu m. The rest of the chart is 

based on data First and Drinker derived from concentrations 

reported on a weight basis. < 
Dust Explosions. An explosion in either a mine or a factory is 

about the worst industrial catastrophe that can occur. Silicosis 

or any other industrial disease is as nothing compared to a dust 

explosion that wipes out an entire factory or mine and most ol 

the employees in a matter ol seconds. 



THE DUSTY TRADES 99 

G
R

A
M

S
 

P
E

R
 

C
U

B
tC
 

M
E

T
E

R
 

F
ig

. 
3
2
. 

R
a
n
g
e
 
o

f 
d
u
s
t 

c
o

n
c
e
n

tr
a
ti

o
n

s
 
d

e
a
lt
 
w

it
h
 
in
 
p

ra
c
ti

c
e
, 

p
lo

tt
e
d
 
o

n
 
a
 l

o
g
a
ri

th
m

ic
 s

c
a
le

. 
(A

ft
e
r 

F
ir

s
t 

a
n
d
 D

ri
n
k
e
r,
 
c
o
u
rt

e
sy

 
A

rc
h

. 
In

d
. 

H
y

g
. 

a
n
d
 O

c
c
u
p
a
ti

o
n
a
l 

M
e
d

.)
 



100 INDUSTRIAL DUST 

Coal Dust. An explosion of bituminous coal dust is possible in 

normal air only with concentrations so great that they must be 

measured in ounces per cubic foot (or grams per liter)—about a 

million times those we deal with in silicosis or lead poisoning. 

Consequently they are far above the stable range. The propaga¬ 

tion of flame through air-floated coal dust takes place, usually; 

Dustins: of bituminous coal mines with powdereu iimtMwu*™ 

Z explos^on'hazard. Thehsel.v 

being ph.eio.ogicaUy safe. 

Courtesy Mine Safety Appliances Company.) 

following a small explosion which shakes down accumulated dust 

and causes, momentarily, an inflammable concentration. If t 

dust is mixed with a sufficient quantity of a nonflammable dust, 

like limestone, an effective barrier to flame propagation results 

Of course the obvious cure for the explosion hazard is to prevent 

dust accumulation or to keep the accumulated dust moist 

Being thoroughly aware of the dangers of breathing dust id 
• f nnnrtz the American and British governments advocated 

S ™ «on«, dolomite, or gypsum for dusting 

bituminous mines (346, 315). In Fig. 33 is illustrated a modern 
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rock-dusting machine distributing powdered limestone in a 

bituminous coal mine. 
According to Forbes (163) of the U.S. Bureau of Mines, rock 

dusting can be done at a cost of less than 1 cent per ton of coal 

mined. In Britain, Jones and Tideswell (246) emphasize dusting 

with small amounts of material and doing it often. The British 

suggest 2^2 lb per square foot of gallery (6). It is recognized by 

all authorities that there is no advantage in using fine dust—less 

than 11 per cent below 60 mesh works well, and this naturally 

reduces the amount suspended in air (391). Godbert and 

Greenwald (187) showed that “inflammability of soft coal dusts 

varied directly with this fineness and inversely with the fineness 

of the inert dust.” Even though dusts are selected which are 

physiologically inert, men doing the dusting should wear ade¬ 

quate respirators because concentrations are high at the dusting 

machines and the men are exposed for considerable periods. 

There have been suggestions of adding salt, NaCl, to the rock 

dust; this is effective, but in many of our American mines its use 

is impractical (197) because of the clogging and caking which it 

causes under humid conditions. 

Food and Other Organic Dusts. Explosions of wheat flour, 

starch, cocoa, and soap powder are well known in industry. 

There is general observance of humidity control and grounding of 

equipment to prevent accumulation of static charges. As in the 

case of soft coal, inflammable dust concentrations are very high 
and therefore are unstable. 

In our laboratory courses we test various fine dusts on appa¬ 

ratus which disperses small samples in air, ignites them by spark, 

and records gas pressures created by the explosion (144). With 

this equipment, one can convince skeptics that substances such 

as soap powder, insecticidal dusts, plastics (209), and many 

others can produce powerful explosions. 

.The Poetical effects of particle size and ease of dispersion in 

air are important. One does not try to alter the natural size of 

starch grains, wheat, cocoa and the like by mechanical processes. 

One can reduce their tendency to disperse in air, however bv 

adding small amounts of edible oils. Small percentages of 

calcium carbonate have been added to the starch dust used in 

mo < mg, ustmg, and other candy-manufacturing processes (210). 

n the case of corn starch Hartmann et al. (210) noted that as 
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particle size was reduced the ignition temperature of the dust 

clouds increased—the reverse of what one might expect and 

opposite to that noted for metallic dusts. The probable explana¬ 

tion is that ignition of dusts like starch is by way of their volatile 

components so that ignition varies with the mass of material 

available rather than with surface area, as in the case of metallic 

powders. 

Metal Powders. Powders of magnesium, aluminum, cadmium, 

zinc, copper, iron, manganese, titanium, antimony, zirconium, 

ferromanganese, and even tin and lead can produce explosive 

concentrations in air (211). In World War II incendiary bombs 

of magnesium powder were made on a large scale and widely used. 

Magnesium is so reactive that it must be ground in an inert gas 

such as helium—C02, N2, or steam will not do. 

Hartman (211) showed that particle size has an important rela¬ 

tion to explosibility of metal dusts: 

Minus 200 mesh, % 

Minimum explosive cone., oz/cu ft or 

1 
0.125 

15 

0.060 

40 

0.040 

92 

0.025 

g/liter 

Bronzing and gilding powders are sold dispersed in an oil which 

prevents their dusting and facilitates their emulsion in suitable 

paint vehicles. These dispersing agents reduce but do not 

wholly prevent inflammability—thus one can readily make 

clouds of A1203 by igniting commercial aluminum bronzing 

powder mixed with a strong oxidizing agent. The commercial 

article is safer to handle than pure aluminum powder but still is 

inflammable. . . , 
Zinc powder is made in fair amounts m the metallurgical 

industry and is handled without difficulty. Dust is not allowed 

to accumulate; the finished powder is stored in metal containers 

and kept at room temperatures. It is recognized in zinc-powder 

production that good housekeeping means clean mac mery >e 

higs and elimination of chance fires from friction. 1 he reaction 

of zinc aluminum, and magnesium with the oxygen in the an is, 

of course, strongly exothermic, and the fire is difficult to put out, 

once started. 

In practice there is no 

even when hot, if oxygen 

trouble in handling the metallic dusts, 

concentration is low. Zinc powder, for 
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instance, is made by a manipulative trick in distilling slab zinc, 

and if the operator is careless the entire distillate can catch fire 

and be lost as ZnO. On the other hand, the operator can vary 

the particle size of the resulting powder and generally produce 

particles averaging around 7 n. 

LUNG ANALYSES 

Engineers are concerned with lung analyses for what they can 

tell us of a workman’s past history and of their possible use as an 

“occupational log book” (36). Excessive lung dust is presump¬ 

tive evidence of past exposures, probably industrial. The 

interpretation of the analytical findings is a problem lor the 

pathologist and not the engineer, but the lessons taught are 

within our province. In discussing Joseph’s (249) splendid 

review of 25 years’ experience in combating silicosis in South 

Africa, Irvine said: “Give a man enough dust and he will get 

silicosis.” Can lung analyses help us in deciding what degree 

of dustiness is “enough”? 

The first important analyses of the ash from silicotic lungs were 

made in South Africa by McCrae (308) in 1913 and by Watkins- 

Pitchford and Moir (438) in 1916. The wet weight of the 

excised lung was noted; the lung was boiled in water for some 

time and was then ashed in a platinum dish over a free flame; the 

carbon was burned off in a muffle furnace kept at dull red heat. 

The ash was analyzed, presumably by the usual procedure used in 

silicate analyses. McCrae stated that “the material described 

as ‘silica’ is mainly silica, but may contain small amounts of very 

refractory silicates.” The material volatilized by hot hydro¬ 

fluoric acid would, of course, fit this description, which is probably 

all that is meant. His results are given in Table 14, with weights 
expressed in grams. 

In comparison with other analyses, given in Table 15, it should 

be noted that in the control lung McCrae found that the silica 

amounted to 14.7 per cent of the total ash and 0.73 per cent of the 

dried lung. (4 he estimation of the dry weight he did not con¬ 

sider done “with very great accuracy.”) The silicotic lungs in 

cases 1 to 6, it will be observed, contained at least two to three 

times as much total silica as did the control lung. 

The figures published in 1933 by Sladden (392) are especially 

important. Since he records silica, presumably total silica, in 
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Table 14. Ash of Silicotic Lungs 

Case Normal 1 2 3 4 5 6 

Wet weight. 649 907 1928 1672 1335 1497 1998 

Dry weight. 76 200 336 232 215 208.5 233.5 

Ash. 3.77 9.078 21.706 12.70 20.00 13.55 15.20 

Silica. 

Ash: percentage of dry 

0.55 2.79 6.38 5.19 9.60 6.21 6.57 

matter. 4.96 4.54 6.46 5.47 9.30 6.49 6.51 

Silica: percentage of ash 

Silica: percentage of dry 

14.7 30.7 29.4 40.8 48.0 45.8 43.2 

matter. 0.73 1.39 1.90 2.23 4.47 2.98 2.81 

Source: After McCrae (308). 

percentage of the dried lung, his results are comparable with 

those of McCrae. He states that 

fibrosis of an important extent, clearly contributory towards death, is 

usually present when the silica content of the lungs determined chem¬ 

ically exceeds 1.0 per cent of the dried lung substance. Quantities 
below this are not necessarily negligible but have seldom been associ¬ 
ated with deaths attributable to pulmonary disease except when tubercu¬ 

losis has intervenedA When the silica content exceeds 1.6 per cent the 

fibrosis associated is with practically no exceptions very severe and 

sufficient in itself to lead to death. . . . 

We have condensed the data from Sladden’s six tables into 

Table 15. r 
Cummins and Sladden (90) divided the results of analyses of 

coal miners’ lungs into three groups on the basis of the silica con¬ 

tent of dried lung. The groups averaged as follows: class A, 2.36 

per cent; class B, 1.24 per cent; class C, 0.13 per cent. The 

content of nonsiliceous and of combustible material in the ash o 

these lungs was, as would be expected, highest in class A and 

lowest in class C. . , ,, , 
McNally (309) concluded from a series of lung analyses that 

the silica content of the normal lung amounts to 0.113 per cent 

of the dried tissue and that a lung containing over 0.2 per cent is 

indicative of unsafe exposure to a dusty atmosphere. King 

1 Our italics. 
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Table 15. Silica Content of Lung and Fibkosis 

105 

Group 

Silica in 

dried lung, 

per cent 

Degree of fibrosis 

1: 9 cases <0.3 Trivial or negligible fibrosis 

II: 6 cases 0.3-0.6 Varying amount of fibrosis, not serious 

III: 8 cases 0.6-1 Fibrosis often advanced. Pulmonary deaths 

only if tuberculosis intervenes 

IV: 16 cases 1.0-1.6 Fibrosis featured, pulmonary deaths frequent 

V: 9 cases 1.6-2.4 Important fibrosis, often tuberculosis, death 

usually pulmonary 

VI: 12 cases >2.4 Advanced fibrosis in all. All but 1 death due to 

the fibrosis 

Source: After Sladden. 

(258) in 1933 considered 0.14 per cent as normal, while Sladden, 

noted previously, claimed no reasonably certain diagnosis unless 

1 per cent silica was reached. 

Badham and Taylor gave analyses which they amplified in a 

monograph (1936) devoted exclusively to this subject (20). 

They tabulated 81 such analyses with case histories, ash content, 

free silica, combined silica, and carbon. They gave diagnoses 

such as “silicosis, moderate and tuberculosis” or “silicosis, 
massive.” 

Fowweather (166, 167), cooperating with M. J. Stewart in the 

chemical examination of a considerable series of lungs, confirmed 

the figuie of less than 0.12 per cent silica for the normal person. 

But he also showed that the actual degree of fibrosis in silicosis 

with tuberculosis is not necessarily proportional to the silica 
content of the lungs. 

Gardner and Redlin (180) in 1942 discussed data which they 

had compiled as the result, of examining a series of silicotic lungs. 

They concluded that “the amount of total silica in the tissues 

does not parallel the extent or the severity of the tissue reaction 

in individual cases.” They hoped later to correlate “free silica” 

with the severity of the reaction. Gardner insisted that “the 

diagnosis of silicosis must remain upon a morphological basis,” 

and he belittled the “diagnostic significance” of the “often 

quoted figure of 1 per cent (total silica) in dry lung tissue.” We 

do not argue this point but revert to our original thesis: unusu- 
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ally heavy dust deposits indicate a past history of dust exposure. 

The very fact that such deposits have remained and have not 

been removed by ordinary physiological scavenging shows that 

the victim has worked for long periods in air which was too dusty 

for him. 

In the case of a new dust disease, such as berylliosis is today, it 

is natural to search for clues or hints by way of lung analyses for 

help in fixing etiologic responsibility. If one attempts to balance 

what can be learned of berylliosis from lung analyses against the 

diagnosis made by the pathologist, the analyses seem inconclusive. 

After a time they take on importance and may ultimately prove 

of diagnostic value. This is about what has happened with lung 

analyses in silicosis over the past 20 years. 

PERMISSIBLE DUSTINESS 

There are very few substances, causing reactions in man, which 

can be breathed safely in measured concentrations and the 

effects of which, in turn, can be judged by some bodily reaction- 

as recorded by blood pressure, temperature, blood count, uri¬ 

nalyses, etc. Following animal experiments Henderson and 

Haggard (231) set figures for the effects of various concentrations 

of CO on man. Drinker et al. (127) did the same kind of thing 

with freshly formed ZnO. Williams (447) noted what concentra¬ 

tions of fluoride dusts produced nasal irritation. Comparable 

data could be determined on a few other common industrial dusts. 

We have great respect for the data on threshold concentrations 

of various dusts derived from the series of field studies by the 

U.S. Public Health Service over the last 30 years. Experience in 

South Africa and in Britain has also contributed importantly to 

the setting of practical threshold concentrations. It is regret¬ 

table that we do not all make our measurements in the same way, 

but, as engineers, we doubt if our differences are as great as 

present differences in medical appraisals of disabilities. 

Lacking epidemiological data, engineers may have to set the r 

own figures, remembering that the ultimate criteria of the'health 

ness and safety of the work place are the health and safety of 

m The most useful lists of permissible concentrations of various 

substances are those published annually by the America > Con c 

ence of Governmental Industrial Hygienists (ACG ) ( )• 
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They invite suggestions and revisions. Generally the figures 

used are the result of the experience and opinions of qualified 

persons. The concept is that ol the art, rather than the science, 

of industrial hygiene (370). 

Quartz. The first suggestion of a threshold figure came from 

the South African gold mines. The results of 25 years of prac¬ 

tical experience in dust control in these mines are shown in Fig. 34 

(299). Before control measures were instituted on a large scale, 

concentrations averaged 150 mg/cu m. This was reduced to 
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Fig. 34. Dust control and silicosis. (Adapted from Mavrogordato, courtesy South 
African Institide of Medical Research.) 

20 mg by 1910, with a further reduction to 5 mg by 1915. Dur¬ 

ing the next 10 years it was lowered to 1 mg/cu m. The reduc¬ 

tion in the prevalence of miners’ phthisis (silicosis) lagged about 

5 years behind the drop in dustiness, but in 1934 Irvine (242), 

then chairman of the Miners’ Phthisis Medical Bureau, stated: 

“No ‘New Rand Miner’ who has entered the industry since 

August, 1923, i.e. 10^ years ago, has as yet contracted silicosis. 

These facts demonstrate that the engineering and medical 

measures which have been directed against silicosis have achieved 
a very significant degree of success.” 

ot Of course freedom from silicosis during a working period o 

10l2 years was not proof that the hazard had been eliminated. 

u ere is no doubt at all that the severe or rapidly fatal silicosis 

whmh gave the Hand mines their had name was under control 

but hv IqJ MengmeeaS J°b “ reducin« ^tineas continued, 
but by 1935 Mavrogordato felt that the medical problem had 

become one of controlling infective tuberculosis. 

Ihe hist extensive field investigation of silicosis in the United 
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States was that by Higgins, Lanza, Laney, and Rice (232) in 1917 

in the zinc and lead mines at Joplin, Mo., where the rock is 

notably high in quartz and where silicosis was common. Under 

the heading “What Constitutes a Dusty Mine,” they had the 

following to say: 

Practically all air, both inside and outside of mines, contains some 
dust. The most reasonable standard then appears to be one based on 
the quantity of dust that will remain in suspension after the best known 

methods have been put into use for its abatement. 
It has been demonstrated in the sheet-ground mines of the Joplin 

district that by the proper use of water and the regulations of certain 

details of mining the quantity of dust in the mine air can be kept below 
1 mg per 100 liters of air; so it seems reasonable to use 1 mg as standard 

at least for the Joplin district. 

This means that these men, experts in their field, thought in 

1917 that a limit of 10 mg/cu m of dust, high in quartz, was ade¬ 

quate. But the real reason they suggested 10 mg was probably 

because they could attain it rather than because it would ensure 

freedom from silicosis. 
In 1929 Russell et al. (358) published the results of several 

years’ intensive field study in the Barre, Vt, granite field where 

the rock commonly contained 25 to 35 per cent quartz. Fiom 

results with the impinger-sampling technique and light-field 

counting they concluded that “it would appear that a safe limit 

lies somewhere between 9 and 20 million particles” (per cubic 

foot) and later that this limit “can be obtained by the use oi 

economically practicable ventilating devices applied to the source 

°f ^drilling tunnels through sandstone with a high percentage of 

silicates, Badham in Australia (18) suggested a lmnt oi m 

particles per cubic centimeter (5.8 null,on per cubic foot) as 

determined with Owens’ counter, though he hinted that 

narticles would be safer. , . 
In 11)34 Cummings (303) suggested 5 million particles per cubic 

foot as a threshold for dusts high in quartz. This figure was 

based upon a combination of South African, Australian and 

American experience but entirely lacked any published data 

its support. 
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Today—1954—it probably would be agreed that a reasonable 
figure of dustiness for quartz rock is around 0.1 mg*/cu m, which 
is about as low as modern engineering methods can achieve. It 
would be presumptuous to forecast the figure which will be 
applied 20 years hence, but it is much more likely to be lowered 

than raised. 
In 1937 New York state (327) adopted a rule for rock drilling 

and for miscellaneous mining and rock crushing which forbade 
dust counts over 10 million particles per cubic foot when the 
parent rock exceeded 10 per cent free silica and permitted counts 
up to 100 million when free silica was less than 10 per cent. 
Administratively this code is very practical and fits the mineral¬ 
ogy and geology of the rock found in New York State. Both of 
us happened to have had considerable experience in the use of 
this code, and one of us (T. H.) helped write it. We feel strongly 
that it should not be applied elsewhere without due consideration 
of the geological conditions involved. We know of some road 
contracts, with tunnels, in other states, where the provisions of 
the New York code were enforced and proved needlessly costly. 
The contractors were required to attain a degree of dust control 
which probably was not necessary. 

Coal Dust. Sayers and his associates (365) in 1935 completed 
an extensive field study in the Pennsylvania anthracite district, 
as a result of which they suggested a figure of 50 million particles 
per cubic foot for coal dust containing not over 5 per cent quartz, 
10 to 15 million for dust with 13 per cent quartz, and 5 to 10 
million for the hard-rock workers exposed to dust containing 
3o pci cent free silica. 1 his sliding scale, with no important 
change, has been rather generally applied to our dust problems in 
the United States. The quantitative evidence of its accuracy is 
\ci\ questionable, and its value rests essentially upon the con- 
sideied opinions of various persons thoroughly familiar with dust 
problems. 

1 his sliding scale involving free silica is a tempting weapon in 
the hands of men seeking compensation for disability from 
breathing dust. Happily this misuse is getting a little out of 

Clearly the scale is inaccurate in appraising risksfr fashi on. 
rom 

p. 121) 
We assume that 0.1 mg equals 5 million particles per cubic foot (see 
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processes in which a chemical change takes place, as in electric- 
furnace operations which generate smokes and fumes containing 

silica. 
Cement and Limestone. The first field study of importance 

in the cement industry was made by Thompson and others (412). 

The dust under study was recognized then, largely because of 
Gardner’s work with marble (178), as being comparatively harm¬ 
less. Though it was high in lime (36 to 61 per cent) and low in 
quartz (6^ to 1 per cent), they suggested a very rigorous objec¬ 
tive of cleanliness from a hygienic standpoint, namely, 10 to 20 
million particles per cubic foot by the impinger-sampling method 
and light-field counting. This is a reasonable figure, however, 
from the engineering standpoint. Later work by Dreessen (114) 
among Vermont marble finishers confirmed the opinion that 
dusts high in calcite and low in quartz do not produce disabling 
fibroses. In 1939 Gardner et al. (177) published an extensive 
survey of workers in 17 cement plants in various parts of the 
United States. Dust counts were high, for the industry undeni¬ 

ably was dusty, but silicosis was not a problem and the health 

record was good. 
Manganese. Standards of air dustiness for manganese com- 

pounds were based originally on exposures of men to a dust from a 
concentrating mill handling an ore containing up to 10 per cent 
manganese. Actually the manganese occurred as an ox.de con¬ 

taining zinc, and it was found that all evidences of_toxic effects 
were eliminated when dustiness was kept below oO mg/cu m 
calculated as manganese. This concentration was easily attained. 

In 1940 Flinn et al. (161) studied two plants processing manga- 
nese ore containing upward of 50 per cent manganese, mostly 

as MnO,, and found no cases of manganese poisoning m 
dustier plant when exposures were kept below 30 mg of manga¬ 

nese per cubic meter. In the cleaner plant, with better 

control, concentrations were pretty consistently below ' “*> 
which is the value Flinn recommended and is that accepted t.x ., . 
Win we emphasize the fact that the 6-mg figure is the result o 

practical(Migjneering experience and not the product of hygienic 

'"Lead.’' After years of industrial medical ion for the 
British Home Office, Leggc anil Duckermg (281) m 191. s g 

gested a threshold figure of 0.5 mg/cu m for lead dust, p.esuma y 
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litharge and white lead. This figure was lowered to O.ln mg as a 

result of field studies by Russell ct al. in 1933 (359). Russell s 
exposures were mostly to litharge, PbO, and red lead, Pb304, 

some slight exposure to lead fume, and possibly some to PbS( )4 

from battery-plate scrap. 
There is plenty of evidence now that the toxicity of all lead 

compounds is by no means the same (34). Perhaps a reasonable 

gage of relative toxicities would be the solubilities of these various 
compounds in blood serum (145), and on that basis a single 

threshold figure in air is hard to justify. The engineer wants 

measures of air dustiness to judge the effectiveness of his control, 
but for that purpose, a threshold, or maximum allowable con¬ 

centration, figure is not necessary. In our opinion the present 

figure, 0.15 mg/cu m, needs revision and for industrial hygiene 
work could probably be discarded in favor of urinary-lead 
values. 

Metal Fumes. The studies of Drinker et al. (127) resulted in 

threshold figures for the avoidance of metal-fume fever. They 

found that concentrations of 14 mg of zinc oxide per cubic meter, 

calculated as zinc, could be breathed for short exposures without 
reaction. The accepted figure for ZnO is now 15 mg/cu m. 

It is to be noted that the ACGIH suggests 15 mg also for MgO, 

based presumably on a few experiments by one of us (130) in 
which a slight reaction was obtained on exposure to freshly 

generated Mg() fumes. So far as we know there never have been 

any fume-fever reactions from MgO reported in industry—and 
we hunted diligently for them at the time (1927) we made our 
studies. 

In modern electric or acetylene welding the welder occasionally 
works m a confined space with inadequate ventilation. He then 

may breathe heavy concentrations of iron oxide, zinc oxide, or 
lead oxide, depending on what metal he is boiling in the high 

temperature of the torch. In addition there will be formed a 
certain amount of nitrogen peroxide, which is toxic Under 

these conditions Drinker el al. (131, 132) recommended that 

oxide-fume concentrations, whether ferric or zinc oxide, be kept 
below 15 mg/cu m. Such concentrations are easily attained by 
exhaust-hood ventilation. ^ 

During World War II, in the United States, a vast amount of 
electric welding was done in shipbuilding. I„ the Maritime 
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Commission’s shipyards it was found that the 15-mg/cu m figure, 
later adopted by the ACC III , was a satisfactory limit for total 
fume particles in miscellaneous steel and iron welding (132). 

Elsewhere (page 63) it was pointed out that fume-fever reac¬ 
tions, as distinguished from true poisoning, can be produced by 
the inhalation of extremely fine particles of manganese dioxide, 
lead oxide, and probably many other substances. No threshold 
data for the avoidance of the fever from these substances have 

been determined. 
Cadmium. Freshly generated CdO fumes are very toxic, as 

was noted elsewhere (page 64), and when breathed can result in 
fatalities. We favor the ACGIH figure ot 0.1 mg/cu m lor the 
freshly generated fume. There is considerable evidence that 
cadmium oxide, pure or crude, once collected on filters or depos¬ 
ited by settlement, is very much less toxic than the fresh fume. 
It is handled commercially without trouble and breathed nTcon- 
centrations far exceeding 0.1 mg/cu m, which is the figure-now 

used for all cadmium dust or fumes. 
Arsenic There is not much evidence to support any par- 

ticular figure as a maximum allowable concentration for arsenic. 
That suggested by the ACGIH is 0.5 mg/cu m Probab y the 
heaviest exposures occur in spraying arsenic for insecticidal 
purposes, usually as arsenate of lead. Neither chronic nor acute 
arsenic poisoning is a problem industrially. Arsenical burns of 
the skin are something of a nuisance in smelting and lehning 
arsenical ores and result usually from direct contact rather than 
from air-borne dust. But skin burns, especially in hot weather, 

are more frequent in dusty air. . n - / 
The ACGIH give figures for antimony and barium as O.o mg/ 

Thev suggest 0.1-mg limits for selenium, tellurium mer- 
cu m. } . ii f which seem reasonable and are 

fmErttl o'f^h^e'Ts'me-ry^oTwhhh thirty some gotd 

plant data (323, 449). Williams (447) breathed 
Fluorides. It was P^or^eVevolv"agnesium found- 

- —s - tt /f £ 8* ppm which corresponds 

roughly to the 2.5-mg figure. 



CHAPTER 7 

APPRAISAL OF DUSTINESS 

There are two reasons for making dust surveys and appraising 

dust exposures. Hygienic surveys are made because it is known 

or suspected that exposures may be the cause of ill health, while 

engineering surveys are made to determine sources of dustiness 

and are then followed up to check the effectiveness of remedial 

equipment. In the first, dust loadings are usually at the level of 
milligrams or less per cubic meter, while in the second, loadings 

often run as high as grams per liter (or ounces per cubic foot). 

In the initial survey the problems may be wholly different, but 

when controls have been installed the two surveys often merge 
and little is gained by trying to keep them apart. 

In the hygienic survey one accepts the rule that the finer the 
size of the particles and the better the dispersion, the greater is 

the health hazard. In the engineering survey no comparable 
generalization applies. Of the two, the hygienic survey is much 
the more difficult and will be discussed in some detail. 

The Hygienic Survey. A medical study of the workers, includ¬ 

ing physical examinations, chest x-rays, urine and blood examina¬ 

tion, and medical histories, may be necessary. An occupational 
analysis helps fix the extent of the dust exposure among the 

workers. A general sanitary survey is usually required to bring 

together the effect of various intangible factors. The most 
important factors to be considered are as follows! 

A. 

B. 

General sanitary conditions 

1. Building construction 
2. Illumination 

3. Ventilation: temperature, humidity, air circulation 
4. loilet facilities and dressing rooms 

5. Presence of abnormal sanitary conditions 
Occupational analysis 

1. Total number of men employed and their distribution 
according to occupation 

113 
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2. Distribution of employees in each occupation group by 

race, age, and number of years in the industry 
3. Histories of previous occupation with particular refer¬ 

ence to dust exposure 
4. Rates of labor turnover and absenteeism 
5. Sickness and mortality records, with special reference 

to diseases of the respiratory tract 

C. Dust exposures 
1. Nature of operation of dusty processes: physical, 

chemical, and mechanical aspects; frequency and 
continuity of operation with particular reference to 
variations in dustiness and exposure of the operator. 

2. Determination of dust concentration, chemical and 
mineralogical composition, particle size, and dis¬ 

tribution 
3. Distribution of dust-concentration figures by process 

or occupation 
4. Plant layout with respect to dust production, good 

housekeeping, and the application of dust-control 

equipment 
5. Presence of specific industrial hazards of nondusty 

nature, such as toxic gases, abnormal conditions of 

heat or cold, etc. 

Various types of survey cards for convenient entering of data 
have been developed, especially by the U.S. Public Health 
Service. Since conditions vary greatly from one establishmen 
to another and from one industry to another, it is rarely prac i- 
cable to use the same survey cards in different mdus ues. 

Much of the information needed for the survey will come from 

office records, from studies of the operating characteristics of the 

various dust^producing processes, and by direct questioning. 

This requires for its collection no special technique oi inst 

ments The investigator must rely upon his own judgment and 

experience in the selection of the data and interpretation of his 

""Fluency of Sampling. A period of 10 to 20 y-rs is generally 

required for the development oi silicosis, oi p common 

months are necessary to produce lead po'sonn . . f 
sampling time for determining dustiness is a matte, e.the. 
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seconds or of an interval such as 10 to 20 min. Industrial dis¬ 

eases caused by dust generally result from the integrated effect of 

dust breathed over a rather indeterminate period; a single dust 

determination on the other hand represents only the amount of 

dust in the atmosphere at a definite time and place. It gives no 

indication of the average exposure of the man over a period of 

years, especially if he has not worked continuously at the one job. 

In the case of active dust-producing processes, dustiness is 

subject to rapid fluctuation from moment to moment and from 

day to day. A range in concentration from XA million to 200 

million particles per cubic foot (or expressed in any other units) 

commonly occurs in operating pneumatic hand tools in the 

granite industry (358). The mean dust concentration for 56 

observations was 60 million with a probable error of ±30 million. 

Thus, a single dust determination for this process has a fifty-fifty 

chance of falling outside as well as within the limits of 30 million 

and 90 million (60 ± 30)—a range of 300 per cent. 

These fluctuations are likely to be normal and not exceptional 

events. II these are not clearly shown by the survey, then the 

samples and the survey are both misleading and incomplete. 

The problem is complicated by the fact that the universe to be 

sampled is not stable, either in space or in time. A proper 

measure of the dust exposure requires a picture of the variations 

in dustiness the dust floods—as well as a measure of the average 

concentration. The location of the sampling point, the volume 

ot sample to be collected, and the frequency of sampling must 

therefore be chosen so as to reveal this information. No definite 

rule can be established since the conditions and practical limita¬ 

tions vary from one problem to another; the investigator must 

re y uPon his own experience and common sense. 

The Weighting of Dust Exposures. In order to determine t.h« 

3 surveys. 

One observes (Table 16) that, of the five different 
operations 
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drilling alone contributes 74 per cent of the daily intake of dust. 

Blowing off holes which takes only 15 min out of 8 hr (3 per cent 

of the time) produces 23 per cent of the total dust load. Thus, 

the differential analysis yields two valuable results: (1) it enables 

one to estimate with fair accuracy the average exposure, and 

(2) it reveals the most important activities with respect to the 

dust hazard. 
The logical extension of this method of calculation to the 

evaluation of the dust hazard over the period of working life of 

Table 16. Summary of Dust Exposure of Leyner Drillers in a 

Granite Quarry 

Activity 

Drilling. 
Changing drills... 
Watching drills .. 
Broaching. 
Blowing off holes. 

Total. 

Average exposure, 

millions per 
cubic foot 

(a) 

Hours spent 
in each 
activity 

(b) 

213.4 4 

9.8 1 

8.0 2 

6.0 
3 
4 

1085.0 
1 
4 

8 

Particle hours, 
millions per 

cubic foot 

(o X b) 

853.6 
9.8 

16.0 
4.5 

271.3 

1155.2 

1155.2 million particle hours per cubic foot _ million particles per 
8 hr cubic foot 

Source: After Bloomfield. 

the individual is well illustrated by the analysis of data collected 

in the anthracite-mining industry (365). The worker usually 

starts as a slate picker and works up through the various jobs 

involved in obtaining coal. It was necessary therefore, to secure 

a complete occupational history from each man in order to 

estimate average dust exposure throughout working i c. 

tvnieal analysis is shown in Table 17. . 
' Objections may be raised to the simple arithmetici ealeu at,on 

of the average exposure on the grounds that a direct relation 

does not exist between dust concentration and lung damage A 

ducecf during blowing off drill holes is undoubtedly more serious 
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than is indicated by its proportionate number of particle hours. 

The example in Table 17, however, illustrates the folly of cata¬ 

loguing an individual in the dust group corresponding to the 

exposure represented by his occupation at the time of the dust 

survey. The differential analysis is particularly valuable because 

it demonstrates so clearly the limitations in dust-concentiation 

data alone. 

Table 17. Example of Method Used in Determining an Employee’s 

Total Dust Exposure 

Employee’s 

occupation 

Number of 

years in 

occupation 

Average dust 

concentration, 

millions per 

cubic foot 

Particle years, 

millions per 

cubic foot 

Slate picker (dry breaker). . . 2 380 700 

Patcher (dry mine). 2 71 142 

Mule driver (dry mine). 3 71 213 

Miner’s laborer (chamber).. . 3 480 1440 

Miner (chamber mining).... 15 480 7200 

Section foreman. 5 7 35 

Totals. 30 9790 

9790 million particle years per cubic foot 

30 years 
326 million particles per cubic 
foot 

Man as the Sampling Instrument. There have been numerous 

attempts to make man himself do the sampling, but none of them, 

so far as we know, has lasted. One can have the worker start 

with a clean dust respirator and at the end of the day determine 

how much dust is caught on the filter. This is a fairly common 

procedure. Plugs, as dust filters, in one’s nostrils have been 

used similarly but have the obvious objection that the subject 

must breathe wholly through his nose, which he rarely can do. 

A\e grant that results obtained by careful sampling in some 

such fashion may provide a better measure of the daily dust 

intake or dosage than we now obtain by weighting results as we 

ave described. But we question whether the results of man 

sampling help control dustiness or prevent dust-induced diseases 

any better than do results by the simpler methods in conventional 
use. 
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Sampling Rate and Volume. Dust-sampling instruments differ 

in sampling rate and in the practical limit of total air volume 

sampled. In snap-sampling instruments a relatively small 

amount of air is collected in a moment, and a single sample gives a 

measure of dustiness which has less statistical value than the 

average concentration given by continuous instruments operating 

at constant sampling rates over longer periods of time. On the 

other hand, a series of instantaneous samples collected at intervals 

show how dustiness fluctuates and thus provide information not 

given by continuous samples. 

Continuous-sampling instruments employ rates from as little 

as 7 cc/min in the thermal precipitator to as much as GO cfm in 

the high-volume filter. There is no physiological merit in any 

particular rate; it is fixed, rather, by physical demands of the 

instrument. The important characteristic is the continuous col¬ 

lection of the sample over a period of time and the large volume 

of air represented, which, in turn, is limited only by the sampling 

time. 
The importance of the sampling time and volume depends upon 

the pattern of dust production and release. Beadle (32) has 

reviewed this question admirably with reference to the routine 

use of the konimeter (a snap-sampling device) in the South 

African gold mines. He found that three konimeter samples 

spaced over 2 min gave an average count close to the true mean 

concentration for this period of time but that the results for any 

given 2 min was of limited value as a measure of the dustiness 

over say H hr and still less reliable when applied to a working 

shift of several hours. The limitations were related, as would 

be expected, to the relative steadiness of dust-producing opera- 

tions and local ventilation rates. Compared noth mme atmos¬ 

pheres the air movement and other disturbmg factors are much 

greater in a rock-crushing plant, foundry, or granite-cutting 

establishment, and fluctuations in dustiness are corresponding y 

higher Under these circumstances, snap-sampling ms rumen . 

may have even less value. The large number of instantaneous 

release. 



appraisal OF DUSTINESS 119 

Average dust concentrations are probably oi greater impoi- 

tance in the appraisal of chronic pneumoconiosis hazards than 

they are in the evaluation of exposures to acutely toxic dusts and 

fumes. Silicosis results from prolonged dust exposure over many 

years, whereas lead intoxication may develop after a few months 

and poisoning from cadmium fumes or from a toxic organic dust 

will result in a few hours. For such acute exposures the peak 

concentrations, revealed by a series of grab samples, are of great 

importance. 
Required Accuracy of Dust-concentration Measurements. In 

view of the natural variability in dustiness and the inability of 

the body to recognize small differences in dust dosage, there is no 

need for great accuracy in dust determination, provided the 

measurements properly represent all particles of hygienic impor¬ 

tance in the atmosphere. An idea of the required accuracy is 

gained from a study of the data from which were derived the 

several standards of permissible dustiness discussed in Chap. 6. 

These investigations were extensive and involved the examina¬ 

tion of many hundreds of workers and the preparation of as 

many occupational histories, the gathering of extensive records 

of morbidity and mortality, and the collection and analysis of 

large numbers of dust samples. In every case an association was 

observed between dustiness and the health of the workers, but it 

was only a broad correlation which, in spite of the extensive data 

available, did not permit the establishment of safe limits of 

dustiness closer than within a range of 100 per cent. As a means 

of classifying processes in respect to relative dust hazards, it 

appears unnecessary to arrange them in concentration groups 

closer than 100 per cent. In this conclusion, we agree with 

Mavrogordato (300) who classified konimeter counts (Table 18) 

and thus obtained a “figure of merit” that was directly related 

to the amount of phthisis-producing dust in the air. 

Sampling Requirements for Engineering Control. In the prac¬ 

tical engineering survey, the objective of sampling is to identify 

principal sources of dust in order to apply appropriate control 

measures and to determine the effectiveness of such measures 

I he variation in dustiness over long periods is not important 

but, nonetheless, the sampling problem is still a statistical one 

and results can be misleading if the inherent variability in dusti¬ 

ness is not properly considered. Seasonal variations in dust 
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concentrations may be great in view of the tremendous differ¬ 

ences in general ventilation between summer and winter opera¬ 

tions, for example, in a foundry. Variations in moisture content 

result in wide differences in dustiness in rock crushing. The dust 

level at one operation may be influenced by other nearby dust- 

producing processes. Even on the same operation, individual 

differences in equipment or in methods of operation by different 

workers often lead to significant variations in dustiness. 

Appraisals for engineering control are sometimes made by 

weight rather than by count because dust loadings are heavy and 

Table 18. Mavkogordato’s Classification of Konimeter Samples 

Appearance of spot 

Count per 

cubic 

centimeter 

Class 

1. Not worth counting. <200 Low 

2. Easy to count. 200-500 Low to medium 

3. Not easy to count. >500 Medium 

4. Difficult to count. < 1000 Medium to high 

5. Too many to count. >1000 High 

it. generally is easy to get a weighable sample whether the suspen¬ 

sion is crushed rock or fine fume. Accuracies of 95 per cent, >y 

weight, are in general practicable. . ., -. 
Unit of Concentration. Because of the relatively rapid gravity 

settlement of coarse particles (> 5 a), the number oi such particles 

in the air is generally a small fraction of the total number. 

Since particle mass varies with the cube of diameter howevei, 

these few large particles contribute most to the weight m a dus 

sample Since the coarse particles contribute little to dust 

hT^e^^ ^ 
practice ofS measuring mineral-dust concentrations m termsof 

numbers of particles rather than thejeig ^ differ_ 

tice is sound up to a po , , , e u Thus, equal 

sisr-ssr-*-— 
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will not represent the same degree of hazard because ot dilierenees 

in alveolar deposition and in basic toxicity. 
Toxic metal dust and fumes are commonly reported in terms ot 

weight concentration, but the error in appraisal of hazard may 

be considerable because of the presence of a few coarse particles in 

the sample. One situation is recalled in which an atmospheric 

concentration of lead dust exceeded the tolerance level more than 

thirty times; yet there was no evidence of lead intoxication in the 

exposed workers. When the particles >5 g were removed, the 

remaining concentration fell below the accepted tolerance level. 

Concentration of metal fumes of reasonably uniform fine size 

are adequately measured in terms of weight, although for equal 

mass concentration there may be significant differences in 

hazard between exposures to freshly generated fumes and to 

flocculated clouds released in the subsequent handling and 

packaging of the same material. 

Count-weight Relations. Exact conversion of dust-concentra¬ 

tion values from weight to count, or vice versa, is impossible 

unless the particle size and density of the dust are known, the 

collecting efficiency of the sampling instrument in relation to 

particle size is established, and the size limits in microscopic 

enumeration are given. Bedford and Warner (33) found an 

acceptable correlation between count and weight only when the 

weight was confined to the fraction of dust smaller than 5 // and 

the count, to particles larger than 1 n. Within these limits, the 

count-weight ratio for coal dust was 65 X 10fi particles per 

milligram. For typical mineral dusts, 1 mg is equivalent to 30 

million to 50 million particles, as determined by the standard 

impinger counting technique (page 147). This count-weight 

ratio indicates a mass average size of about 3 m and a median size 

by count of a little more than 1 /z, in agreement with particle-size 

measurements on typical industrial dusts. For comparison, 

there would be approximately 300 X 106 particles in a milligram 

of mineral dust if all the particles were 1 n in diameter. 

Photographs. The survey report is certain to include process 

descriptions which can be improved and shortened by the judi¬ 

cious use of photographs. In large establishments there is apt to 

be a photographic department from whose back files one can 

often fmd pictures indicating how some process has been changed 



122 INDUSTRIAL DUST 

over the years. Frequently they will show what effect these 

changes had on dustiness. 

The management naturally objects to photographing special 

or secret processes, but censorship on such matters, from our 

experience, is usually reasonable. In repetitive hygienic surveys 

we are concerned more with the commonplace than with the 

unusual. It is the commonplace that should be photographed 

routinely. The unusual or the secret process generally is 

censored, but when the report is made on a confidential basis to 

management photographs often can be used as a supplement to 

descriptions. 
Sometimes photography shows something which dust samples 

do not. A good example is arc welding where a photograph will 

show the path traveled by the sparks and indicate nicely how well 

the exhaust hood works. But, in general, photography should 

not be used as a substitute for dust measurements. 



CHAPTER 8 

DETERMINATION OF DUST CONCENTRATION 

Principles of Collection. The determination of atmospheric 

dust concentrations requires the use of a suitable sampling 

instrument which extracts the dust particles from a measured 

volume of air and concentrates them in a manner to permit sub¬ 

sequent measurement of the number of particles or weight of 

collected dust. Sampling instruments may be classified, accord¬ 

ing to the physical basis of operation, under the following head¬ 

ings: 

1. Settlement, gravity or centrifugal 

2. Filtration 

3. Impingement 

4. Electric precipitation 

5. Thermal precipitation 

Much effort has gone into the development and perfecting of 

the various instruments and into the study of their performance 

characteristics, including practical field tests as well as laboratory 

studies of efficiency and other important factors. Despite known 

limitations in performance, certain of these instruments have 

been usefully employed in studies of dust hazards and evaluation 

of dust-control programs and, in consequence, have been accepted 

as standard instruments by official agencies, research institutions, 

and the dusty industries. The results obtained with them have 

been of great practical value in their contributions to the progress 
in reduction of industrial-dust hazards. 

In this chapter and in the next the several instruments of cur¬ 

rent interest are described and methods of operation and analyt¬ 

ical procedures outlined. A concluding section considers their 

respective advantages and disadvantages in relation to ideal and 
piactical performance requirements. 

SETTLEMENT 

The ratio of the number of particles settling onto a unit hori¬ 

zontal surface per unit time to the number of particles per unit 

123 
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volume of air is related to the average settling velocity of the dust 

particles, thus: 

njsq ft, min ft 
--—J7- = • = U 

nc cu It mm 

This assumes infinite mixing of the air and constant replacement 

of the dust which is removed by settlement. For 10-/z particles 

having a settling velocity of approximately 1 fpm, the number 

collecting on a surface of 1 sq ft. in 1 min will equal the atmospheric 

concentration per cubic foot. For 1-m particles the ratio is 1:100, 

and for an atmospheric concentration of 10 million particles per 

cubic foot, and a 10-minute settling period, the number of 

particles per square millimeter on the collecting surface will be 10. 

This number is too small for dependable counting under the 

microscope, and for this reason the ratio is not a useful one in the 

study of mineral dusts. For air-borne bacteria or radioactive 

particles which are revealed in small numbers after incubation 

or radioautography, however, the determination of this ratio has 

merit as a means of characterizing particle size of the air-borne 

dust (441). , ui f 
Complete settlement out of a static volume of air will, ol 

course, give total dust concentration in the trapped volume. 

For this purpose, Green (191) has used a closed settling chamber, 

modified from the original apparatus of Owens (374). The 

chamber is 5 cm in height and 3.6 cm in diameter and is provided 

with a rapid means of closing the ends so as to trap air quickly; 

the bottom cover carries a V2-in. cover slip upon which the dust is 

deposited (Fig. 35). In use the open chamber is moved thiough 

the air to be sampled until it is flushed out and a representative 

volume of dust-laden air is collected. The ends are then closed, 

and the chamber is placed in a vertical pos.t.on free from v.bra- 

tion and temperature changes and allowed to remain undisturbed 

for a period of 3 hr. According to the Stokcs-C lunnmgham equa 

tion (Chap. 1), this time is sufficient to allow for the comp c e 
settlement of all microscopically visible particles. I e cover s ip 

s r moved and mounted, dust side down on- microscope shd, 
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product of the area of the microscope field and the height of the 

chamber. Since the volume of air represented by the dust in a 

single field is only 2 X 10~4 cc, one particle in this field corre¬ 

sponds to 140 X 106 particles per cubic foot of air. For ordinary 

dust concentrations, many fields must be examined to give a 

representative count. 

B 
v 

It should be possible to increase the settling velocity by sub¬ 

jecting the trapped volume to a centrifugal field. Rotating the 

chamber on a 1 ft radius at 720 rpm, for example, would increase 

the settling velocity 180 times, thus making 1 min equivalent to 
6 hr under gravity. 

Aitken obtained a high settling velocity in his dust counter (3) 

I condel'sllhf water on the dust particles as nuclei following 

chamber11 t expa"sion of the saturated air in the settling 

1 ^b. .. In !he °nglnal apparatus the relatively large water 
droplets thus formed were counted directly under the Ldltdn 

agm ying g ass. Since gaseous ions serve also as condensation 
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nuclei, the Aitken count gives excessive results in respect to the 

dust concentration. The principle can be utilized, however, to 

decrease the time required for the settlement of dust particles 

which are counted after the water droplets have evaporated, thus 

eliminating the error from nuclei other than dust. Compared 

with undisturbed gravity settling, this procedure may alter the 

physical state of the dust particles as a result of wetting and 

subsequent evaporation. 

The settlement method is not proposed for routine work but as 

a fundamental means of obtaining the absolute concentration of 

particles larger than 0.2 g. The results given by this apparatus 

check closely with the figures obtained by direct count of the 

particles in the air as well as with the number of particles revealed 

by the Aitken counter (191, 3). An outstanding advantage is 

that the particles are not altered physically in the course of collec¬ 

tion and are seen on the slide in the same condition as they existed 

in the air. 

FILTRATION 

Removal of dust from gases by filtration through a suitable 

medium provides a simple means for dust sampling. 1 he filter 

may be of high-quality paper, which is then used for subsequent 

determination of concentration gravimetncally or by chemical 

analysis Soluble or volatile crystals or fibers may be employed, 

thus permitting easy separation of the collected dust from the 

filter for microscopic study and measurement. 
An example of the paper filter, which has been widely used in 

industry for the study of explosive dusts, is the paper-thimb> e 

apparatus of Trostel and Frevert (420) shown in Fig 36 » 
instrument makes use of a Whatman extraction thurible fil ed 

with fluffed-out cotton to reduce clogging and is operated at a 

sampling rate of 2 cfm. From the change m weight of the dried 

thimble the gravimetric dust concentration is calculate • 

The sugar-tube sampler is an early example of the second typ 

,.f filter This device was employed in the original mine-dust 

Idirof the U.S. Bureau of Mines and ^form^yyeam 

as a routine samplingrecovered for weighing or 

mines (47). 1 he c ft dissolving outthe sugar crystals. 

s"“ugai- is usually contaminated with some dust, 
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the method is subject to error which, however, may be overcome 

by using a pure salt such as potassium nitiate. 

The salicylic acid filter used for the collection ol large dust 

samples for composition analysis (237) is another example of the 

soluble-type filter sampler. 
To avoid the necessity of dissolving out the soluble filter, which 

makes this method unsuitable for the collection of certain dusts, 

Entrance of'dustya/'r . 
Collar — v ^ | basket 

Cap- 

frSWAXSI 

[ 

I I I 
I 

*5 I 

- Paper-^ 

ithimbje 
c-ldcrc*, 
J- 33 m rn? 
TywrZ 

tr > ■> <- 7 vj 

1 

Cottori woo! we// fluffed 

-45 diameter- 

Fig. 36. Thimble filter. (After Trostel and Frevert, courtesy J. Ind. Eng. Chem.) 

Mathews and Briscoe (298) suggested using anthracene crystals 

compacted into a suitable filter pad. The sample of dust is 

recovered directly on a microscope slide for direct examination 

or in a weighing dish by subliming off the anthracene at low 

temperature (150°C). Commercial anthracene contains an 

appreciable residue and must be purified before use 

Filter Disk. A Whatman No. 42 or 44 paper disk with a free 

filtration area of 54 sq cm provides an efficient filter for the collec¬ 

tion of dust particles. When operated at 28 liters/min or 1 cfm, 

the resistance of the clean paper is about 2.5 cm Hg and does not 

increase significantly in the course of sampling (377, 378, 386). 

Proportionately h,gher or lower sampling rates may be employed 

with disks of different sizes, or higher filtering velocities may be 

employed with correspondingly greater resistance. 

A convenient filter holder is shown in Fig. 37. In use the air 

sample is drawn through the filter and through a suitable flow- 
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meter by means of a suction pump, or a simple hand pump may 

be employed (385). This device is particularly useful for the 

sampling of metal dusts (lead, beryllium, uranium, etc.) and 

organic dusts which lend themselves to chemical analysis for 

determination of weight concentrations. For mineral dusts 

Brown (55) has suggested washing the collected dust off of hard- 

surface filter paper for microscopic determination of number 

concentration in the water suspension. 

Fig. 37. 

pany.) 

lolder for paper filter disk. (Courtesy Mine Safety appliances Com- 

Changes in depth of darkening or in color of the dust spot on 

filter paper have been used as an indirect measure of concentra- 

tion, the quantity of dust in the deposit being estimated by com¬ 

parison against standards or by the reduction in the amount of 

reflected or transmitted light. Consistent results are obtained 

only with constant color and particle size of the dust, conditio 

which hold only rarely. For dusts that develop co or a e 

suitable chemical reaction, the amount depos.ted or.the hlte. 

paper may also be estimated by comparison against suitable 

standards (379). . . -p.,i or 
Efficiency of Filter. A filtration efficiency of95 

more over the size range of interest may he expet 
tion of ordinary dusts when using Whatman No. 44 ^ape^o. its 

■ lnnf For the collection of hue lead fumeb i 

ir ptrs mS lm Jsed in series to give 95 per cent efficiency or 
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better (377, 378, 38G). For determination by weight after 

ashing or by appropriate chemical analysis, paper of suitable 

analytical quality must be employed. Direct weighing requires 

that the sample be dried to constant weight. 

High-volume Filter. Silverman and associates (387, 388) have 

developed a convenient filter of high capacity for the sampling of 

relatively large air volumes. It is especially useful for determina¬ 

tion of dust or fume concentration by weight or for the collection 

of particulate material for chemical and mineralogical analysis. 

The filter element is the compact cellulose pleated filter employed 

Fro. 38. High-volume dust sampler. {After Silverman and, Viles, courtesy J. 
Indust. Hyg. & Toxicol.) 

in the all-service gas mask1; it is mounted at the entrance of a 

modified tank-type vacuum cleaner. The unit, which weighs 

about 15 lb, is shown in Fig. 38. The sampling rate of approxi¬ 

mately 70 elm is indicated by an orifice meter built into the unit. 

Foi weight determination the filter element is weighed before and 

after sampling by suspending it from the balance in an oven at 

110°C. The collected dust is removed from the filter with a 

suitable washing fluid for subsequent size separation and com¬ 
position analysis (Chap. 11). 

Molecular Filter. This filter’ consists of a porous membrane 

approximately 150 „ in thickness prepared from one of several 

cellulose ester gels (155). The membranes have a pore volume of 

. ° ,)'1' cent’ t le tubular openings being cone-shaped. Pore 

produced IT™1'6;1 “ ““ '"“ufacturing process and filters 

g eatr th n 0 I"'6 7 ‘“T T ^ efRciency fo'' Particles greater than 0.1 „ in diameter. Resistance to air flow is high 

■ Manufactured by Mine Safety Appliances Co., Pittsburgh Pa 

Manufactured by Lovell Chemical Co., Watertown, Mass ' 
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suggesting a fine pore size and particle separation by mechanical 

sieving. Electron photomicrographs indicate that the pore diam¬ 

eter in the hydrosol-assay (HA) filter is 0.1 to 0.3 n. In use the 

membrane attains a high electrostatic charge, which may also 

contribute to the filtration mechanism. 

Particles are retained on or close to the surface of the mem¬ 

brane, the penetration being of the order of 10 to 50 n depending 

upon the pore size. The membrane is transparent and has the 

same refractive index as the immersion oil used in microscopy. 

Fig. 39. Molecular filter holder. (Courtesy Leslie R. Burt.) 

Hence the membrane itself is not seen under the microscope, and 

the collected dust particles are observed without interference1 and 

in the same physical state in which they occurred in the air. 

With the particles well separated, size distribution as well as the 

number of particles can be determined directly. 

The negligible penetration into the filter membrane makes this 

method of sampling particularly useful lor the collection of 

remitting radioactive particles. Since there is no significant 

internal absorption of radiation, activity measurements aie no 

«nbipct to this source of error. 

FlThc three membranes of different pore sizes now available have 
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Filter 
Estimate pore size, Filter velocity at 1 in. 

Hg resistance, fpm 

Hydrosol assay (HA). 

Aerosol assay (AA). 

Aerosol protective (AP). . . . 

0.1-0.3 
0.5-0.7 
1.2-1.6 

7-10 
24-33 

115 

An electric rotary pump such as employed with the standard 

impinger apparatus (page 147) will draw 1 cfm through the 

regular 2-in. diameter disk of even the highest resistance. It is 

possible also to collect samples with a simple hand pump of 

known volume per stroke. 

Counting Molecular-filter Samples. Preparation of the filter 

sample for counting involves nothing more than placing a piece 

of the membrane dust side down on a microscope slide, adding a 

few drops of immersion oil, and counting immediately under the 

microscope. For this purpose, the oil-immersion objective with 

a calibrated grid in the eyepiece may be employed, as with the 

Owens apparatus (page 140), or the count may be made with 

the standard low-power setup used with the impinger (page 152). 

Obviously, to take full advantage of the filter efficiency, one 

should use the maximum resolving power of the microscope. The 

dust concentration in the air is obtained by the following 
relationship: 

N X effective filter area 

Q X area of microscope field 

where C = number of particles per unit air volume 

N = average number of particles in microscope field 
Q = sample volume 

Since the area of the filter is about 10 sq cm and the oil-immersion 

objective has a field of about 0.01 sq mm, a convenient count of 

100 particles per field equals 10 X 10* particles on the tnt«l filw 

are closely packed and cannot be 

membrane may be dissolved in 
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clean acetone, diluted with distilled water, and the particles 

counted in the same manner as in impinger samples (page 152). 

In comparison with other methods of sampling, the molecular 

filter gives excellent agreement, as shown in Table 19 (155). The 

performance characteristics are considered in comparison with 

other sampling instruments on page 163. 

Table 19. Molecular Filter vs. Midget Impinger 

Light-field dust counts with low-power microscope, million 

particles per cubic foot of air 

Hydrosol-assay 

molecular filter 

Aerosol-assay 

molecular filter 
Midget impinger 

3.2 3.6 (atmos. dust) t 

33.4 32.6 (CaC03)t 

46.6 47.3* (5 strokes) 40.1 (CaCOs)t 

151 
142 (CaC03)t 

* Sample taken with a 600-ml hand pump, 

t Median size 0.4 to 0.5 n (count), 

t All particles less than 5 m (count). 

IMPINGEMENT 

Jet Characteristics of Impingers. When a dust-laden stream 

of air impinges at a high velocity perpendicularly against a 

surface the sudden change in direction of air flow combined with 

'the inertia of the particles result, under favorable circumstances 

tally by Davies and associates (104, 1U5) ana oy 

WSS efficiency varies with the dimensmnle^parameters 

The 
parameter P has the form (301) 



133 determination of dust CONCENTRATION 

which, in physical terms, represents the maximum distance of 

travel of a microscopic particle projected through still air with 

initial velocity V0, expressed in units of one-hall jet width. 

Since Ut varies with ad1, it follows that, for a given instrument, 

performance will vary in a direct manner with the square ol 

diameter and that, for equal collecting efficiencies, particle size 

varies inversely with aUnder assumed theoretical conditions 

in respect to the nature of air flow' from the jet, it is possible to 

calculate the path taken by a particle in relation to the jet stream 

lines and thus to predict the collecting efficiency on the assump¬ 

tion that every particle which touches the plate is captured. 

The analysis by Davies and Aylward (104) shows that the 

relationship between efficiency and P is dependent upon the 

ratio « = V/Vo, which, in turn, varies with the ratio of impinging 

distance to jet width. The E vs. P curve falls between finite 

values of P for E = 0 and 1.0, and the effect of an increase in a is 

to decrease the difference between PE=o and PE=\. There is little 

change beyond a = 3.0(2d/h = 0.58), however, when the effi¬ 

ciency range from 0 to 100 per cent is covered by 0.14 < P < 0.18. 

Theoretically, then, the sharpness of cutoff in the size range of 

particles from total collection down to zero collection can be made 

as small as 

di.o _ /0.18 

lu ~ \0T4 ~ 

Ranz and \\ ong (342) followed their theoretical analysis with 

extensive testing of 12 rectangular and circular jets, with imping¬ 

ing velocities ranging from 1050 to 18,100 cm/sec. Liquid drop¬ 

lets of uniform size wrere employed, varying in diameter from 

0.34 to 1.38 n. Efficiency of impaction, which was measured by 

chemical determination of the amount of material collected in 

relation to the test concentration, is plotted against \fP]2 in 

Fig. 40. 1 he cluster of the many experimental points about the 

two characteristic lines for the round and rectangular jets, 

respectively, confirms the theoretical dependence of E upon P 

The difference between P£=0 and PE_x divided by P£=0.5, which 

measures the sharpness of efficiency cutoff in relation to particle 

size, demonstrates that the round and rectangular jets are equally 

effective. 1 he experimental curves are compared in Fig. 41 with 

those predicted by theory and with May’s original curve (301) 
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Since the value of a was 1.0 in all these experiments except one 
(a = 1.19), the dependence upon this function was not revealed. 

Davies et al. (105) compared the several well-known impinge¬ 
ment-type instruments with their theoretical performance curves. 
The results were not in good agreement, especially for the Owens 
jet dust counter (page 140) and the Bausch and Lomb dust 
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Fig. 40. Impaction efficiencies. Rectangular and round aerosol jets impinging 
against flat plates. (After Ranz and Wong, courtesy Arch. Ind. Hyg. and Occupa¬ 

tional Med.) 

counter (page 142). These are grab-sample instruments in 
which the air is drawn in by a smart stroke of a hand pump. 
Hence, the jet velocity is not constant throughout the stroke. 
These workers conclude that there is little benefit in employing 
a very high jet velocity, and they emphasize, particularly, the 
practical limitations in dry impingement resulting from the fact 
that particles are not all retained on the collecting plate. The 
Greenburg-Smith impinger (page 147), which collects dust under 
a liquid, has a great advantage in this respect over the dry 

impinger. 
With poorly designed nozzles, particles may be caught upstream 

of the collecting plate and thus be lost from the counted sample 
Davies and others have shown that the high lmpingemen 
velocities commonly used cause disaggregation of flocculated 



particles and that large particles may even shatter upon impinge¬ 

ment, thus giving erroneously high numbers of fine particles in 

the sample. 
The first instrument of the impingement type to gain wide 

acceptance for the study of industrial dust was the Kotze koni- 

meter which was followed by the jet dust counter, designed by 

Owens, and the impinger developed by Greenburg and Smith. 

0 0.2 04 0.6 08 10 1.2 

Vf-- (CPp vQ / 18 pt Dc ) Dp 

Fig. 41. Impaction efficiencies—jet impactors. 
Arch. Ind. Hyg. and Occupational Med.) 

(After Ram and Wong, courtesy 

May’s cascade impactor is the most recent member of the group. 

It differs from earlier impingers in its capacity to separate the 
dust sample into four size fractions. 

Kotze Konimeter. This instrument, devised by Sir Robert 

Kotze (310), is provided with a tapered entrance nozzle 0.7 mm 

in outlet diameter through which the air is drawn to impinge 

upon a collecting plate located at a distance of 1.0 mm from the 

end of the nozzle. The air stream is induced by a spring-actuated 

va veless piston pump. The spring is of such strength that an 

average impinging velocity of 50 m/sec is developed. In the 

modern instrument 2.5- and 5-cc samples (and multiples of these) 

tlZ him f "‘t 1 The g‘aSS collecti"8 Plate is covered with a 
him of petroleum or glycerin jelly which traps and retains 
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the dust, the sample appearing as a spot. The film of adhesive 

must be prepared from dust-free material and should be of proper 

thickness; it it is too thick, the impinging air stream washes it out 

into a crater with resulting poor distribution of particles in the 
spot. 

1 he Zeiss instrument is shown in Fig. 42. Thirty dust samples 

may be collected on a single disk, which is easily rotated to permit 

Fig. 42. Circular konimeter with microscope. (Courtesy Carl Zeiss Company.) 

the immediate examination ol the spots under the built-in 

microscope. 
Counting Konimeter Samples. Konimeter samples can be 

evaluated only in terms of numbers of particles. At the outset, 

light-field microscopy was used with a %-in. objective and a 10X 

or 12X ocular, giving a total magnification of 150 diameters, and 

the spots were examined directly without treatment. Since the 

South African investigators were interested only in the amount 

of rock dust in the air, it was necessary to develop a special tech¬ 

nique for the removal of the troublesome particles of carbonaceous 

material coming from the candles and acetylene lamps as well as 

salt crystals from the water used in the drills and water sprays. 
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The following treatment is used for this purpose (241): The slides 

are made of Chance’s heat-resisting glass. On to the center of 

the slide is poured a few milliliters of the acid, and this is allowed 

to spread all over the slide, covering the spots. The slide is then 

immersed in a basin contain¬ 

ing distilled water, the wash¬ 

ing being repeated twice, and 

finally the slide is immersed 

in hot distilled water and 

allowed to dry. The slide is 

then placed on a smooth fire¬ 

clay tile in a cold gas muffle, 

and the gas lit. The muffle 

is kept at a dull red heat for 

30 to 35 min; then the gas 

is turned off and the slide 

allowed to cool in the muffle. 

The silica particles when ex¬ 

amined under the microscope 

after this treatment are clear 

Fig. 43. Ruled eyepiece disk for koni- 
nieter microscope. (Courtesy Carl Zeiss 
Company.) 

and bright, and in many cases the slides show a much larger count 

than before treatment. 

Microscopic examination is now made at a magnification of 

200 diameters with dark-field illumination provided by an 

oidinaiy central stop in the standard condenser. The ocular is 

provided with a grid ruled with two 9-deg sectors (Fig. 43). The 

spot is centered in the field, and the total number of particles in 

the two sectors is determined. The eyepiece is then turned 

90 deg and a second count made. The sum of the two counts 

gives the number of particles in 36 deg, or one-tenth of the total 

spot; when a 10-cc sample is collected, this value represents the 

concentration per cubic centimeter. The distribution of dust is 

not even over the spot but shows a maximum density at the 

center and decreasing numbers toward the edges. The center 

of populations does not necessarily correspond to the geometric 

center of the spot, and consequently the apex of the two sectors 

must be located centrally with respect to the distribution of the 

dust rather than at the geometric center of the spot. Because 

of this objection some observers prefer to count the entire spot 

The count in one 9-deg sector should not exceed 50 if piling up 
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of particles with consequent error in the enumeration is to be 

avoided. Irwin, Armitage, and Davies (243) give the following 

expression for the relationship between the counted and actual 

numbers of particles in the dust deposit: 

where N = true number on plate 

c = number counted, which is less owing to overlap 

A = area covered by the dust deposit 

d2 = mean square diameter of dust particles 

For a konimeter dust spot 0.06 cm in diameter obtained from a 

coal-dust cloud containing no more than 100 particles per cubic 

centimeter, this equation indi¬ 

cates an error of 3 per cent. 

It is evident that substantial 

error may occur with dust con¬ 

centrations of any magnitude. 

Efficiency of the Konimeter. 

The relation between apparent 

collecting efficiency and size of 

particle is shown for coal dust 

(105) in Fig. 44. Efficiency is 

given in comparison with re¬ 

sults obtained by the thermal 

precipitator (page 160). The 

upper curve was obtained with 

the konimeter collecting plate 

coated with glycerin jelly, and 

in contrast to the poor per¬ 

formance shown in the lower 

curve for an uncoated plate, it 

indicates an efficiency equal 

to that of the thermal precipi- 
Fig. 44. Apparent efficiency of the 
Kotze konimeter relative to that, of 
the thermal precipitator as a function 

of particle size: (a) glycerin jelly on the 
konimeter plate, (b) uncoated plate. 

(After Davies et al., courtesy Arch. lnd. 

Hyg. and Occupational Med.) 

tator down to about 2 p. For 

smaller particles, the apparent 

rise in number of particles col¬ 

lected relative to the thermal 

precipitator is the result of disaggregation of the flocculated par¬ 

ticles of the coal dust. The true efficiency of collection hclou - a 
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was not determined by Davies et al. With an uncoated plate 

they found only a few scattered particles in a sample obtained 

from a cloud of fine quartz dust. 
Beadle (32) compared the konimeter with the thermal precipi¬ 

tator under various conditions of dustiness in the South African 

Table 20. Konimeter vs. Thermal Precipitator Counts of Fine and 

Coarse Mine Dust 

Particles per cubic centimeter 
Ratio: konimeter 

Size, m 

Konimeter 
Thermal 

precipitator 

thermal 
precipitator 

Fine sample: 

0.4. 28 1040 0.03 

0.4. 29 528 0.05 

0.8. 18 187 0.10 

1.6. 5 19 0.26 

2.4 and 3.2. 3 12 0.25 

4.0. 1 4 0.25 

Total, all sizes. 84 1790 0.05 

Coarse sample: 
0.4. 332 112 3.0 
0.4. 350 127 2.8 
0.8. 314 104 3.0 
1.6. 175 67 2.6 
2.4. 114 42 2.7 
3.2. 66 20 3.3 
4.0. 39 12 3.3 
5.0. 68 16 4.2 

Total, all sizes. 1460 500 2.92 

Source: After Beadle (32). 

gold mines, using the same ignition treatment and the same 

microscopic setup for examining both sets of samples. His data, 

given in Table 20, represent two extreme conditions in respect to 

particle size and number concentration of particles in the air. 

In his finest sample the ratio of konimeter to thermal-precipitator 

counts varied from 0.03 to 0.25 over the size range from 0.4 to 

4.0 /i. In contrast, the konimeter gave uniformly higher counts 

over the same range of sizes (three times the thermal-precipitator 
count) in the case of the coarser sample. In agreement with 

Davies’ findings, Beadle suggests that the excess count in the 
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latter case is the result of breaking up aggregates of particles by 

impingement. 1 he lowest relative konimeter counts were associ¬ 

ated with wet drilling and the highest with ore tipping. The 

great change in instrument performance with particle size is 

sufficient, according to Beadle, to give entirely misleading 

measurements of relative dust hazard between these operations. 

Owens’ Jet Dust Counter. In 1922 Owens (330) described a 

sampling instrument of the impingement type somewhat similar 

to the konimeter. This apparatus, known as the jet dust 

Fig. 45. Owens jet dust counter. 

counter, is shown in Fig. 45. It consists of an entrance chamber, 

a streamlined rectangular nozzle 0.1 by 1.0 cm in dimension, and 

an impinging surface in the form of an ordinary cover slip, 

located at a distance of 1.0 mm from the nozzle, in an airtight 

chamber to which a hand pump of 50-cc capacity is connected. 

The cover slip may be rotated to permit the collection of three 

dust samples forming ribbons at 60 deg to each other. 

The jet dust counter differs from the konimeter in two respects: 

(1) the nozzle velocity is much higher, over 200 m/sec as com¬ 

pared with 50 m/sec for the konimeter; and (2) no adhesive sub¬ 

stance is used on the impinging surface. Instead, an entrance 

chamber lined with moistened blotting paper is provided to ensure 

humidification of the air. As a result of the great pressure drop 

and consequent lowering of temperature incurred by the air in 

passing through the nozzle, moisture condenses on the particles, 

and this was believed by Owens to increase the collecting effi¬ 

ciency and to eliminate the need for an adhesive coating on the 

slide. 
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Counting Owens Samples. The cover slip is mounted, dust 

side down, on a standard microscope slide. To prevent damage 

to the ribbons, a separating ring may be inserted between t e 

slide and cover glass, although we have found this unnecessary 

since the two spots of cementing material produce a slight air gap 

between the two glass surfaces; thus damage to ribbons laie y 

occurs. The ribbon should be placed perpendicular to the longer 

side of the slide to facilitate subsequent examination under the 

microscope. 
The count is made at a magnification of over 1000 diameters 

with light-field illumination, a 2-mm oil-immersion objective, 

and a 15X ocular provided with a net-ruled eyepiece micrometer. 

The slide is placed in the mechanical stage, and the ribbon is 

located with the low-power objective; the oil-immersion objective 

is then turned into place, and a suitable number of transverse 

bands (usually five), one square of the eyepiece micrometer in 

width, are counted. Starting with the edge of the ribbon defi¬ 

nitely inside the ruling, the particles are enumerated in a series 

of squares across the field; the slide is then moved a distance 

equal to the width of the grid,1 and the second series is counted. 

The operation is repeated until the entire band has been examined. 

The average of the results obtained on the several bands multi¬ 

plied by the number of bands in 1 cm* gives the total number of 

particles in the ribbon. The count per cubic centimeter of air is 

obtained by dividing this value by the volume of air sampled. 

Efficiency of Owens Apparatus. The basic efficiency of the 

Owens jet dust counter relative to the thermal precipitator is 

shown for single tricresyl phosphate droplets in Fig. 46, and the 

apparent efficiency for coal and quartz dusts is shown in Fig. 47 

(105). These curves reveal a generally low efficiency over a wide 

range of particle sizes. They also exhibit distortion in number 

of particles below 1 ju resulting from disaggregation of both coal 

and quartz dusts. Davies concludes that the high impingement 

velocity of the Owens counter may also cause shattering of large 

particles into smaller ones, which then contribute further to the 

excess count of fine particles. It is apparent from Davies’ 

1 To prevent overlapping, locate a particle on the outside line of the grid 

and move the slide until this particle is under the outside line on the opposite 
side of the grid. 

Determined by calibration with the stage micrometer. 
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studies that the condensation of moisture on the particles, a 

unique feature of the Owens apparatus, is not of great merit, 

although it does tend to minimize disaggregation owing to the 

stability of the water droplets. The entrance nozzle is not well 

designed; as a consequence of the sudden contraction at the 

narrow orifice, there is substantial precipitation of particles on 

Droplet dlome+er,// 

Fig. 46. Efficiency of the Owens jet dust 
counter relative to the thermal precipi¬ 
tator when sampling a fine droplet mist 

of tricresyl phosphate (density 1.17 
g/cc). (After Davies et al., courtesy 
Arch. Ind. Hyg. and. Occupational Med.) 

O I 2 3 4 5 6 
Diameter, y 

Fig. 47. Apparent efficiency of Owens 
counter with moist air and uncoated 
cover slips. (After Davies et al., cour¬ 
tesy Arch. Ind. Hyg. and Occupational 

Med.) 

the nozzle walls. Davies believes that the jet is too narrow and 

the impinging velocity too high. 
Bausch and Lomb Counter. This instrument, as shown in Fig. 

48, is built on the same principle as the Owens apparatus except 

that the slot is wider (0.04 cm) and is set at a distance of 0.0.) cm 

from the glass impingement plate. Owing to a wider slot, the 

impinging velocity is less than in the Owens instrument, approxi¬ 

mately 200 m/sec compared with 300 m/sec. A dark-field 

microscope of 200 diameter magnification with a ruled eyepiece is 

provided for counting, and 12 samples may be collected on the 
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circular impinging plate. The hand pump has a capacity of 

28.3 cc or 0.001 cu ft which, in combination with the dimensions 

of the graticule ruling, provides a simple relation between the 

microscopic count and dust concentration in millions ol particles 

per cubic foot. Thus, for a single-stroke sample, the average 

count across the dust ribbon within the limits of the ocular 

Fig. 48. Bausch and Lonib dust counter. (Courtesy Bausch and Lomb Company.') 

grid, divided by 10, equals the dust concentration in millions of 
particles per cubic foot of air. 

Gurney, Williams, and Meigs (198) compared the instrument 

performance with various slot widths from 0.1 to 0.5 mm and con¬ 

cluded that the 0.4-mm slot was best suited for use in sampling 

industrial dusts. The upper limit of countability of the dust 

ribbon corresponds to a dust concentration of 100 million particles 

per cubic foot of air, according to Gurney et al. From the equa¬ 

tion of Irwin et al. (page 138) this count would give an error of 

10 per cent on account of overlapping particles. 

1 Grid width equals 0.01 length of dust ribbon. 
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Efficiency of the Bausch and Lomb Counter. The curves in 

Fig. 49 show the apparent efficiency (relative to the thermal 

precipitator taken as 100 per cent) in relation to particle size for 

Fig. 49. Apparent efficiency of Bausch 
and Lomb counter with moist air and 
uncoated plate. (After Davies et al., 
courtesy Arch. Ind. Hyg. and Occupa¬ 

tional Med.) 

quartz and coal-dust particles 

collected on an uncoated plate. 

These data were reported by 

Davies et al. (105) who also 

obtained for the same coal dust 

with a glycerin-coated plate an 

efficiency of about 100 per cent, 

compared with the thermal 

precipitator over the same size 

range from 1 to 10 /x. The 

better performance of this 

instrument in respect to effi¬ 

ciency and absence of distor¬ 

tion from disaggregation and 

particle fracture, compared 

with the Owens jet dust 

counter, is attributed to the 

lower impinging velocity, the 

streamlined intake, and the 

wider slot. Contrary to reg¬ 

ular practice in the use of 

this instrument, Davies’ study 

shows the need for using ad¬ 

hesive-coated slides. 

Cascade Impactor. This instrument, consisting in a series of 

four impingement slots of decreasing width mounted at deci eas¬ 

ing distances above the collecting plates, was developed by 

May (301) for the orderly separation of particles into four difier- 

ent size fractions in the course of collection from a heterogeneous 

cloud. In principle, the performance of the instrument is based 

upon the fact that progressively finer particles are collected in the 

successive stages of impingement, owing to the increasing jet 

velocities and decreasing jet dimensions, which for a given size 

increase the value of the impingement parameter P. 

The four jets are arranged compactly in series, as shown in 

Fig 50 each compartment being provided with a removable cap 

for easy mounting and removal of adhesive-coated microscope 
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Fig. 50. Cascade impactor. (Courtesy Mine Safety Appliances Company.) 

slides. Jet widths, impinging distances, and velocities for the 

four-stage standard instrument are given in Table 21. The 
sampling rate is 17 liters/min. Dust ribbons are counted in a 

systematic manner, as outlined lor the Owens jet dust counter 
(page 141), with proper regard for ribbon dimensions. 

Table 21. Jet Characteristics of Cascade Impactor 

Jet Width, cm Impinging distance, cm 

1 1.2 0.6 
2 0.4 0.2 
3 0.1 0.1 
4 0.06 0.06 

Velocity, m/sec 

2.36 
10.42 

31.30 
52.00 

I he cascade impactor has particular interest as a means for 

studying particle-size distributions. The methods of calibration 

ChapTo °f the mstrument for this purpose are outlined in 

It has limited application in dust concentrations of any mag- 

nitude since the dust deposits quickly become too dense to count, 

slide dZ 18 C(“d further’ Prides are blown off the 
si de. lo overcome this objection, May devised an instrument 

movmg collection slides on which the deposits are spread 
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out. This instrument, with slides moving at 0.2 cm/sec, is 

described by Davies et al. (105) who found, however, that the 

volume of sample had to be restricted to 4.0 1 (15 sec at 16 liters 

per minute) to keep within countable limits even when sampling 

in the low dust concentration of 4 million to 5 million particles per 

cubic foot. 

Fig. 51. Apparent efficiency of cascade impf 

coated with glycerin jelly, (5) uncoated plates. 

Ind. Hyg., and Occupational Med.) 

ictor; sum of all plates', (a) plates 
(After Davies et al., courtesy Arch. 

Davies’ (105) efficiency curves for the cascade impactor (sum of 

all four stages), in comparison with the thermal precipitator, are 

shown for glycerin-coated and uncoated slides m Fig. 5 • 

curves, for coal dust, show satisfactory performance down to 2 g 

but compared with the thermal precipitator count there is a 

sharp rise in number of smaller particles collected by the case a 

impactor As in other instruments of the impingement type, the 

distortion in count vs size results from the breaking up of partode 

aggregates and loss of particles after impingement in the ea 

stages This leads to erroneously high counts in the hue, sues on 

the final stage. 



CHAPTER 9 

DETERMINATION OF DUST CONCENTRATION 

('Continued) 

IMPINGER 

In the impinger dust-sampling instrument, which was intro¬ 

duced in 1922 by Greenburg and Smith (195), the principle of 

high-velocity impingement is combined with subsequent collec¬ 

tion of the dust particles in water or alcohol. 

15 mm. 

/No. 10 rubber stopper 

Rubber disc.-4cm.oHot. 
'engrave 5mm. line on 

I Impinger j-ube 

Ream to 
23mm.' 

Capillary tube, 
/dia. <2.3 mm. 
sealed on. 

^Beve! slightly, 
inside and out 

."-8mm. 

Detail of Nozzle 

Fig. 52. Modified impinger assembly and detail of nozzle, with specifications for 
construction. (Courtesy J. Indust. Hyg.) 

Standard Impinger. 1 he standard instrument, shown in Fig. 

52, operates at 1.0 cfm (28.3 liters/min), and with the bore of the 

impinging nozzle reamed to 2.3 mm, a velocity of impingement 

of approximately 100 m/sec is obtained. The flat bottom of the 

flask is employed as the impinging surface. The nozzle, which 

147 
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is not fixed, may be adjusted quickly to a guide line engraved on 

each flask at the optimum impinging distance of 5 mm from the 

bottom. An error of ±2 mm in this adjustment has been shown 

(224) not to influence the efficiency of the apparatus.1 The flask is 

50 mm in diameter and requires 75 ml of liquid to provide the 

proper depth of immersion (3 cm). 

ig. 53. Field impinger assembly. (Courtesy Willson Products, Inc.) 

The specifications necessary to ensure satisfactory construction 

and duplication in manufacture are included in Fig. 52. Par¬ 

ticular attention should be given to the construction of the 

impinging nozzles, which must be reamed to the same diameter, 

and the general shape must be duplicated so as to produce the 

same pressure loss for a given rate of air flow. This is essential 

if a number of instruments are to be used with one flowmeter since 

the calibration of the latter varies with the upstream resistance. 

. This is in agreement with the analysis of Davies and Aylward <104!i which 

SS5SSSS55S 
2d/h = 4.35, taking h, to be the jet diameter. 
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The complete assembly, including the sampling apparatus, extra 

flasks, supporting tripod, and suction meter for field use, together 

with convenient carrying cases, is shown in big. 53. 

Operation of the standard impinger requires a rugged pump or 

other source of suction since the sampling rate of 1 cfm must be 

'3"Pressure qage 

y Compressed 
air 

\*-To impinger 

Elbow 

Faces of union flat. 

■Orifice plate g x Indict. 

Hole- No.49 twist drill, 
'curved entrance, 
(on approx, circle). 

Orifice Mounting 

Fig- 54. Design of ejector-flowmeter unit and detail of orifice and mounting. 

Standard fittings used throughout. (Courtesy J. Indust. Hyg.) 

maintained against a resistance of 3 in. Hg. A compact com¬ 

pressed-air-operated suction device is shown in Fig. 54. It is 

constituted of standard parts, and the only indicating device 

required is an inexpensive vacuum gage. It includes a critical- 

flow orifice which maintains a constant sampling rate of 1 cfm 

so long as the negative pressure below the orifice exceeds 15 in. Hg. 

This is ensured when the operating air pressure is anywhere 
between 30 to 75 psi. 

The critical-flow orifice is not practical for use with an electric 
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suction pump because of its high resistance. A low-pressure 

orifice must be employed, or the impinger nozzle itself may serve 

as the flowmeter. A rather delicate vacuum gage or mercury 

manometer is required to indicate the pressure drop, which for 

correctly constructed impinger nozzles should amount to 2.9 in. 

Hg. Each nozzle should be calibrated, and the vacuum gage 

must be checked at regular intervals. 

Midget Impinger. The standard impinger and suction appa¬ 

ratus are heavy and not easy to move about. Compressed air is 

Fiu. 55. Midget impinger. (Courtesy Mine Safety Appliances Company.) 

readily available in only a few industrial establishments, and 

electric outlets are not always convenient. The collecting flask 

is bulky and awkward to handle in many industrial situations, 

and a large liquid volume is required. These practical dis¬ 

advantages led to the development of the midget impinger (287) 

shown in Fig. 55. It is a small-scale duplicate of the standard 

instrument in every respect except that it operates at an imping¬ 

ing velocity of about 70 m/sec compared with more than 100 m 

sec for the larger instrument. The sampling rate is 0.1 dm. 

With a resistance across the nozzle of only 12 in. water, tie 

midget impinger is conveniently operated by means of a small 

hand-cranked or electric pump. A liquid volume of 10 ml is 

reThelvelopmentof the midget impinger greatly extended the 
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practical convenience and usefulness of this method of dust 

sampling, and except for special cases requiring large air volumes, 

it has replaced the larger instrument in industrial-dust sampling. 

Efficiency of the Impinger. Early studies of standard impinger 

performance showed that efficiency varied directly with sampling 

rate and inversely with particle 

size of the collected dust (224). 

The impingement parameter P 

is greater for the midget instru¬ 

ment, and other things being 

equal, efficiency of dust collec¬ 

tion should be higher than in 

the standard impinger. Off¬ 

setting this is the greater value 

of the ratio of impingement dis¬ 

tance to nozzle diameter, which 

tends to reduce efficiency. 

Davies was unable to com¬ 

pare midget-impinger perform¬ 

ance in relation to particle size 

with the thermal precipitator 

in his coal-dust tests (105) be¬ 

cause of the erroneously high 

counts resulting from disaggre¬ 

gation of flocculated particles 

in the cloud during impinge¬ 

ment. For example, in com¬ 

parison with thermal-precipi¬ 

tator counts ot about 1000 per cubic centimeter, midget-impinger 

counts ranged trom .>000 to 8000 per cubic centimeter. Using 

fine quartz dust, however, which was relatively free of aggregates, 

he obtained high collecting efficiency down to about 1 M, as shown 

in Fig. 56. 1 he rapid decrease in efficiency for particles below 

1 a is of little concern so long as the light-field low-power micro¬ 

scope is used for counting the sample. By this technique, 

smaller particles are not seen even if collected (59) 

1 he impinger is superior in performance to the dry-impinge¬ 

ment instruments described in the previous chapter. ' Owing to 

the lower impinging velocity and the use of liquid instead of a dry 

oi adhesive-coated collecting plate, there is less danger from 

Fig. 56. Relative efficiency of the col¬ 

lection of quartz dust by the midget 
impinger. (After Davies et al., cour¬ 

tesy Arch. Ind. Hyg. and Occupational 
Med.) 



152 INDUSTRIAL DUST 

actual shattering of large particles (382) or of loss of particles 

after impingement. Like the other instruments of this type, 

however, the impinger may give an erroneously high dust count 

when the sample contains particle aggregations as, for example, 

in the dust cloud released from bulk handling of ground silica. 

Preparation of Sample for Counting. Dust-free distilled water 

may be used as the collecting liquid, but to minimize the loss of 

particles by solution and to discourage 

flocculation, normal or isopropyl alcohol 

is now commonly used. This is obtained 

reasonably free of particle contamination. 

The impinger flasks, stoppers, etc., should 

be washed and rinsed in some of the sam¬ 

pling fluid before use. Sampling flasks 

must be carefully protected against con¬ 

tamination during transportation to and 

from the field and especially at the time 

of sampling. It is customary to treat one 

unused flask just like the sample flasks 

exposed to contamination and to examine this as a control. 

In the laboratory, samples are first made up to a known volume, 

which is determined by the density of the dust suspension. 

Often, the sample requires dilution of the volume used in sam¬ 

pling to give a convenient count of 50 to 75 particles in the 

microscope field. Impinger samples should be counted as soon as 

reasonably possible after collection, although when alcohol is used 

Fig. 57. Whipple disk for 
microscopy of impinger 
samples. (Courtesy Arthur 

H. Thomas Company.) 

longer delay is permitted than with water. 
Light-field Counting. The microscope equipment includes an 

aplanatic condenser, N.A. 1.20; an achromatic objective 16 mm, 

N.A. 0.20; and a 7.5X ocular provided with a standard \\ hipp e 

disk (Fig. 57). The tube length is adjusted until the area of the 

ruling in the Whipple disk corresponds to 1.0 sq mm on the stage 

An ordinary 75-watt microscope lamp equipped with a daylig 

filter may be used as the source of illumination Dust on the 

Whipple disk cannot be distinguished from particles in the count¬ 

ing chamber, and therefore thorough cleaning is required, the 

cleanest quarter of the area being selected for counting. 

Cells of any convenient shape may be counted so long 

depth is known. The Sedgwick-Rafter chambei ( g. > 

commonly used, but because of its built-up construction it is 
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durable and is difficult to clean. Use of the Dunn cell (133), 

shown in Fig. 59, eliminates this trouble. Couchman and 

Schulze (83) have described another type using good-quality 

goggle lenses, separated a distance of 1 mm in a metal ring. 

This cell is quickly disassembled for easy cleaning. Williams 

(446) recommends using the Spencer bright-line haemocytometer 

Fig. 58. Sedgwick-Rafter counting cell. (Courtesy Arthur H. Thomas Company.) 

and a 30X eyepiece for counting. Since the cell has a ruled 

counting grid, the troublesome Whipple disk is not needed. 

The Sedgwick-Rafter cell is allowed to stand 30 min after 

filling to permit the dust particles to settle (200). All visible 

particles settle to the bottom in this time, and continuous rack¬ 

ing up and down during counting is therefore not necessary. It 

was customary in the past to record the num¬ 

ber of particles in the sample larger and 

smaller than 10 p, but since the number in 

the upper group rarely exceeds 1 or 2 per 

cent of the total, this practice has been Fl(, 59 

largely discontinued. Two cells are usually counting cell, 

prepared from each sample, and five fields ^°urtesy Corning 

one centrally located and the others distrib- ^ 

uted toward the four corners of the chamber, are counted in 

each cell. A control count is made in the same way, using 

liquid from the control flask, and the median number sub¬ 

tracted from the median of the sample. This serves to elimi¬ 

nate the error due to the particles on the Whipple disk in the 

sampling fluid and on the cell. The result is multiplied’ by the 

proper factors to give the number of particles per cubic foot of air, 

C = W. - Nc)vw 
~v7Air 
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where C = dust concentration in numbers per cubic foot of air 

Ns = median dust count in the sample 

Nc = median control count 

A = area of field (determined by calibration) 

D = depth of cell (0.1 cm for Sedgwick-Rafter cell) 

Vtv = water volume, cc, allowing for dilution 

VA = air volume, cu ft 

The limit of visibility of quartz particles in water or alcohol 

with the standard microscope system is not much less than 1 m 

(60). Hence, the dust concentration determined by this method 

represents only that fraction ol dust particles in the an laigei 

than this size. Oust concentrations are usually calculated to 

two significant figures. 
The dust seen in a single microscope field comes from 0.00025 ml 

of liquid when the Sedgwick-Rafter cell and the standard low- 

power microscope system are used; the volume is even less ioi 

more shallow counting chambers. One field thus represents no 

more than 1 part in 40,000 of the entire sample. It is evident 

that the contents of the flask must be thoroughly agitated m 

order to secure in the counting cell a representative portion of the 

whole sample. From a statistical point of view, results based 

upon the examination of only 10 portions of this tiny magnitude 

may not be satisfactory, but more extensive counting is not 

justified when one considers the low statistical value of the sample 

'' "counting by Microprojection. To avoid the eyestrain and dis¬ 

comfort associated with direct microscopic counting ot impinge 

samples, Brown and Yant (02) developed a convenient P™jec‘m 

arrangement with an over-all magnification of 1000 diametc 

which’reveals the particles on a ruled screen for *^vewmg 

and counting. A 1-m particle is thus seen as a 
The standard 10-mm objective is employed, but a 20X eyepic 

is substituted for the 7.5X eyepiece used in regular microscopi 
, The microprojector may be set up as a permanent 

counting. 1 he micropiojt^b j prnWT1>„ description 

'"he porteM^nrshown in'Fig. 60 is also available. 

(62(he ru ed screen suggested ^ 

includes fine gradualm grid prepared on 

S £ ZU process has been described by Williams 
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and Silverman (448) who recommend Patterson’s series oi gradu¬ 

ated circles for size measurement (see page 178) in place of 

Brown’s finely ruled squares. 
The advantages in counting by microprojection are obvious. 

Eyestrain is much reduced, and technicians are quickly trained 

in its use. It is now widely employed for routine dust counting 

and yields results which duplicate those obtained by direct 

microscopy. 

Fig. 60. Portable microprojector for dust counting. (Courtesy Mine Safety 
Appliances Company.) 

Dark-field Counting. Since the limit of particle visibility 

under the low-power microscope with direct illumination is not 

much less than 1.0 y, the smaller particles present in the impinger 

sample are not enumerated with this counting method. The use 

of dark-field microscopy was previously suggested as a means of 

extending the visible size down to approximately 0.1 /x (221), but 

it is now clear that this is not worthwhile for two reasons* The 

collecting efficiency of the impinger falls off too rapidly below 1 M 

to make the count of finer particles reliable, and in the case of a 

< ust cloud containing particle aggregations an erroneously high 

count may be given as a result of breaking up of these aggregates 
during collection. h 

ELECTRIC PRECIPITATOR 

The well-known principle of elect 

utilized successfully for the collection ( 
ric precipitation has been 

>f small quantities of indus- 
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trial dusts. Dust-laden air is passed between two surfaces carry¬ 

ing a high electric potential, and under the force of the electric 

field the particles are driven in a direction normal to the air 

motion and are so precipitated upon the collecting surface. 

A-C Precipitator. The design of the apparatus was studied by 

Drinker, Thomson, and Fitchet (126) who determined optimum 

tube dimensions, precipitating voltage, sampling rates, etc., and 

showed that, because of its small dimensions, the apparatus func¬ 

tions as well on alternating as on direct current. The design 

described by Drinker (120) is shown diagrammatically in Figs. 02 

and 63. Precipitation tubes of pyrex glass are made in two sizes. 

he larger tube is used in miscellaneous dust sampling at 15 000 

volts, which is obtained from the a-c lighting current through a 

lum,nous tube transformer; the smaller tube operates with a 

potential of only a few thousand volts, obtained by means of a 

storage battery and induction coil. The central electrode in the 

aige instrument is of gold-plated drill steel and is held in align¬ 

ment by means of a rubber stopper. Fine copper wire is used in 

e ow vo tage tube> and it is conveniently supported bv rubber 
stoppers at both ends, as shown. The outer electrode^ mefer 

i y made of 12-mesh copper screen wrapped tightly around the 
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tube and secured in place with adhesive tape. The open screen 

permits one to see the shape and density of the dust deposit and 

thus aids in determining the proper sampling time. 

As a source of suction, a hand vacuum-cleaner unit is satis¬ 

factory; the maximum fan capacity for general work is 50 liters/ 

min against a resistance of 15 cm, water gage. A charcoal trap 

should be included in the line to remove the ozone formed in the 
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Fig. 63. Dimensions in centimeters of two usefui sizes of pyrex precipitator tubes. 
Celluloid foil or filter paper is not necessary but if used must fit snugly. They 
cannot be used conveniently in small-sized tubes. (Courtesy ./. Indust. Hijg.) 

corona since this gas destroys rubber tubing and is unpleasant to 

breathe. All rubber connections must be inspected frequently. 

With efficient operation there is no perceptible dust in the upper 

part of the tube, and a practical operating efficiency close to 100 

per cent can be obtained easily by adjusting the air flow and 

voltage to the proper values in relation to the tube diameter an 

kind of dust until no dust deposit is visible in this area. For t e 

collection of most industrial dusts, we use a sampling rate of 

15 liters/min and a minimum of 15,000 volts in the large 

"l Collection may be direct upon the inside of the glass tube or 

upon a snugly fitting lining of very thin celluloid or analytical 

filter paper. The use of a lining is desirable in field work sine 
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mav be removed and transported to the laboratory without the 

loss of any collected material. 
Precipitator samples lend themselves admirably to gravimetric 

and chemical determination. Deposition upon analytical filtei 
paper is convenient for gravimetric analysis since the paper may 
be quickly reduced to a known ash content before weighing.1 
Brown (369) modified the tube to include a removable weighing 
chamber in which the dust is caught. This apparatus is employed 
by the U.S. Bureau of Mines in the testing of respirators (see 
Chap. 17). 

Barnes-Penney Electrostatic Precipitator. A d-c precipitator 
developed by Barnes and Penney (23, 24), with preionization of 
the particles and deposition in a metal tube, is now available (see 
Fig. 64). The removable collecting electrode is an aluminum 
cylinder IV2 in. in outside diameter by 7 in. long. Mounted 
axially within this tube is a platinum wire 2 in. long which serves 
as the ionizing and precipitating electrode. All entering particles 
are given the same charge and are then forced to the outside 
electrode. The instrument operates at about 10,000 volts direct 
current and 200 /xa which is supplied through a suitable power 
pack from the 100-volt a-c line. Ozone production is negligible. 
All outside parts are grounded so that the only danger of electric 
shock is from contact with the central electrode. 

1 he sampling rate is 3 cfm; in the latest model, this is obtained 
by means of a fan and motor mounted in the end of the instru¬ 
ment. The precipitator may be mounted on a support from the 
carrying case or hand-held at the desired sampling point, as 
shown in Fig. 64. 

At a sampling rate of 3 cfm this instrument collects fine fumes 
as well as dust with high efficiency. Barnes and Penney tested it 
against tobacco smoke and found the effluent air to be optically 
deal by 1 yndall-beam test. They also found no dust deposit in 
the second of two precipitators in series. Evidence of high effi¬ 
ciency is seen in the fact that the dust or fume deposit commonly 
does not extend much beyond the first third of the tube. 

1 he electrostatic precipitator is widely used for the collection 
of metal oxide fumes and other materials, the concentrations of 
uhich are reported in gravimetric terms. The total weight of 

■The central electrode collects 1 to 2 per cent of the sample, and this must 
be removed and included with the main deposit. 
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the sample is obtained by weighing the collecting tube before and 

after sampling, proper precautions being taken to dry the tube 

before weighing and to avoid contamination and improper 

handling. Samples which lend themselves to chemical analysis 

Fig. 64. Portable electrostatic precipitator for field use. (Courtesy Mine Safety 

Appliances Company.) 

are carefully removed from the tube for this purpose. A metal- 

foil liner in the collecting tube will facilitate removal of the 

samples for analysis. 

THERMAL PRECIPITATOR 

The presence of a dust-free area around a hot rod was demon¬ 

strated by Aitken (3) who showed that smoke could be removed 

quantitatively from the air by passing it through a hot-cold tube, 

the smoke precipitating on the cold surface. This principle as 

been employed by Green and Watson to provide a thermal pre¬ 

cipitator for the collection of industrial-dust samples ( 

Dusty air is drawn through a slot 0.051 by 0.95 cm in cross section 

at a velocity of 140 cm/min.1 Centrally located across the slot is 

1 Air flow through the apparatus is induced by the method of water 
placement. The instrument is connected to a reservoir equipped with a 

(•■ilibrated gage Water is drawn from the tank at a rate of / cc may 
the^total volume removed provides, a direct measure of the volume of the 

air sample. 



a nichrome wire, 0.025 cm in diameter, which is heated electi ically 

to a temperature of about 100°C. The walls of the slot at this 

point are formed by %-in. cover slips backed by polished blocks 

of brass, which act as heat conductors and thus keep the glass 

surfaces cool (see Fig. 65). A thermal gradient of 4000 deg/cm, 

sufficiently steep to ensure complete precipitation, is obtained, 

and dust samples are collected in the form of well-defined deposits 

of equal shape and density upon the two cover glasses. These 

Fig. 65 Thermal precipitator. (After Green and Watson, courtesy Medical 

Research Council, with permission of Controller of H.M. Stationery Office, London.) 

are removed after sampling, mounted dust side down, and the 

count made with the oil-immersion objective in the same way as 

A\ith Owens apparatus. Since the air velocity through the 

instrument is low and the precipitating force gentle, there is no 

danger ot shattering or even disaggregation of the particles. The 

dust deposit therefore represents the number, size distribution 

and physical state of the particles in the air. Particles above 

5 10 M "iay l>e lost because they do not adhere well to the slide 

1 he volume of air sampled is fixed by the atmospheric dust 

concentration. With 10(10 particles per cubic centimeter, a 50-cc 

sample (7 mm) will yield deposits of suitable density for accurate 

counting. Ribbons of greater density may lead to aggregation 

01 overlapping of particles. Lesser concentrations in the atmos- 

piue permit longer sampling times, although the volume of 

leTlwribl"0' have t0 be "/ proportion to concentration since 
ess dense ribbons are counted without difficulty 

ou^oTerTmm b'Vit!' ** I"’1 """ m°Unted oscillate continu- 
• .V o\ 2 mm has been described by Walton el al. (435). This 
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action spreads out the ribbon, yielding a uniform concentration 

over most of its width and, of course, permits the deposition of 

many more particles. The instrument was designed especially 

for the direct deposition of particles on a coated grid for examina¬ 

tion under the electron microscope. 

Since the thermal precipitator collects particles down into the 

submicroscopic region, the fine particle count in an industrial 

atmosphere may be erroneously high on account ot smoke par¬ 

ticles naturally present in the polluted general atmosphere. 

These are removed, however, by ignition at about 500°C for 12 to 

15 min, leaving the mineral particles intact for counting. 

Green calls attention to the danger of clogging the narrow air 

passageway in the standard instrument by large particles and 

recommends using a 60-mesh gauze over the entrance to exclude 

such properties. This screen also collects some fine particles 

and reduces the count by about 10 per cent. A simple umbrella 

over the inlet should accomplish the same result without introduc¬ 

ing such error. 
Efficiency of the Thermal Precipitator. Green and Watson 

(192) compared the performance of the thermal precipitator with 

the results given by the sedimentation cell (page 124) and with 

direct counts on air samples made in the ultramicroscope, using 

fine quartz dust as the test material. Within the limits oi experi¬ 

mental error, the results were the same for all sizes ol 

from 0.2 a (the lower limit of optical microscopy) up to -0 g. 

Compared with the recommended sampling rate ol / cc mm, a 

rate of 10 cc/min gave about SO per cent of the true count. 

‘ These results are in agreement with theoretical considerations 

which indicate that, unlike the impingement-type instrument t 

efficiency of collection by thermal precipitation increases 

decreasing particle size down into the submicroscopic region. 

Combined with the fact that there is no shattering or d.sagg - 
gation of particles during thermal precipitation, the hig 
ciency of thermal precipitation for all particle sues ^ 

Kives this "XL It has the 

.;. 

ir.r, tr:r—: ri- >- 
changing glasses between samples. 



COMPARISON OF SAMPLING INSTRUMENTS 

Attempts have been made to determine the relations between 

dust-concentration measurements obtained by the several dust¬ 

sampling instruments and counting techniques to provide a basis 

for comparison of results and for conversion of concentration 

measurements by one instrument to equivalent values for another. 

The ratios thus obtained have shown wide variation from one 

study to another and even within a single investigation. For 

example, in Beadle’s comparison of the konimeter with the 

thermal precipitator, in mine-dust sampling (page 139), the 

konimeter count ranged from only 3 per cent of the thermal- 

precipitator count to more than 300 per cent. The reasons for 

such differences are made clear by the recent work of Davies and 

associates, to which reference has been made. First, the collect¬ 

ing efficiency in relation to particle size differs significantly among 

the various impingement-type instruments. Hence, the ratio of 

counts given by two instruments will depend upon the particle- 

size distribution in the dust cloud used for comparison and may 

therefore vary from one test to another. Second, and probably 

of greater influence in determining ratios for impingement-type 

instruments, is the varying extent of disaggregation and shatter¬ 

ing of particles brought about in the course of collecting the 

samples. The degree of aggregation in the dust cloud employed 

in the test will largely determine the ratio of counts and may, 

indeed, raise the apparent efficiency of collection by impingement 

to more than 100 per cent. It is clear, then, that there is no 

single ratio or even approximate conversion factor that can be 

used for comparing dust counts made by two different instru¬ 

ments, unless the size distribution of the dust and the degree of 

flocculation are rigidly fixed. These conditions are not met in 
industrial practice. 

Characteristics of Dust Collection. In respect to collecting 

efficiency in relation to particle size, the electric anil thermal 

precipitators and various filters are superior to the impingement- 

type instruments. There is no inherent merit in high collecting 

efficiency, but there should be no great difference in its value for 

particles of different sizes. In effect, this means that it must 

appioach 100 tier cent for all sizes of hygienic interest—a require- 

ment that can be met bv filters and precipitators. The molecular 
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filter and thermal precipitator have the added advantage of 

depositing the dust out of the air without physical alteration and 

in such a way as to permit direct microscopic examination with¬ 

out disturbing the particles. Hence, they are observed and 

counted as they exist in the air. Because of high collecting 

efficiency over the entire particle-size spectrum, it is proper with 

these sampling devices to use the finest microscope for the 

enumeration of particles. When particle-size measurements are 

made along with the count, dust concentrations may be reported 

for each size increment, thus greatly increasing the information 

concerning the nature of the dust exposure. 
In contrast, all the impingement-type instruments have low 

absolute collecting efficiency against particles smaller than 1 m- 

This may not be, in itself, a fundamental disadvantage since the 

efficiency of dust retention in human lungs also drops in approxi¬ 

mately the same manner. The unknown error in the count o 

fine particles resulting from disaggregation, however, means that 

the recording of such particles has little quantitive value. 

Under some circumstances, large particles may be shattered. 

Since the degree of flocculation may vary greatly m dust clouds 

from one operation to another, the importance ol this character- 

LiTis apparent. The magnitude of possible error is indicated 

by comparative dust concentrations obtained when a ^ 8 

helix was provided on the impinger inlet (218). Uentritug 

force in the helical tube removed particles and equivalent agg 

gates down to about 2 a, leaving only the finer particles to be 

h in the impinger. The percentage of particles removed 
caught in the impmg ^ ^ for a series of industrial 

vaned from 40 0 97 p^ ^ & high]y dispersed state 

to the characteristic degrM of^occulattonjn ^'““^^dold 

system (218), the significance of 

such differences is; clear. ^ ^ emimeration of particles 

An objection to fine particles are commonly present 

:£nXin the polluted air 

^”aCtl—1 exposure. Since 
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combustible smoke particles contribute largely to this source of 

error, they are easily removed from a thermal-precipitator slide 

by ignition, but this treatment is not possible with molecular- 

filter or impinger samples. 
For American practice the impinger has an important advan¬ 

tage in that it was used exclusively in the U.S. Public Health 

Service series of studies in the dusty trades, upon which our 

standards of permissible dustiness are largely based. This means 

that the instrument must continue in use, although not neces¬ 

sarily to the exclusion of others. 

Perhaps for the future a dust-sampling instrument is needed 

which will, in the course of operation, separate the dust into the 

several size fractions of hygienic interest, without altering the 

particles physically or chemically, and will deposit them in such 

a way as to permit all necessary physical and chemical analyses. 

The number and size of particle, surface area and weight of the 

dust should be reported for each size fraction and significant 

chemical and mineralogical characteristics also determined in 

relation to size. In combination with more refined knowledge of 

the mechanism of dust action in the lungs, in relation also to 

particle size, such data should provide a better basis for the 

appraisal of dust hazards than can be made today. 

The only instrument now available which attempts to do this is 

the cascade impactor, but it has important limitations: the size 

of the collected sample is limited and lends itself only to micro- 

analytical methods; it may give a distorted measure of the 

amount of fine particles in the sample because of disaggregation 
by impingement. 



CHAPTER 10 

DETERMINATION OF PARTICLE SIZE 

COLLECTION OF SAMPLE 

Particle-size measurements may be required on materials 

occurring in three different states: (1) in moving air, as in pipe 

lines conveying dust-laden air; (2) in still air, for example, the 

general plant atmosphere; and (3) as a dry powder. Suitable 

sampling instruments are required to collect representative 

amounts of dust in the first two cases; with a dry powder, how¬ 

ever, it is necessary only to select a representative portion of the 

well-mixed mass. 
Sampling in Pipe Lines. The dust concentration varies with 

location both along and across the pipe owing to turbulence in the 

air stream. A wide variation may also exist in the particle-size 

distribution since the large dust particles in pipe lines (unlike dust 

suspended in the free atmosphere) are dependent upon the air 

velocity for their support and movement. Any reduction in the 

velocity or change in direction of the air stream therefore results 

in a modification in the size distribution and in concentration. 

For this reason sampling is uncertain within a distance of at least 

10 pipe diameters downstream of an elbow or other disturbance. 

The entrance velocity into the sampling tube should equal the 

velocity in the pipe line so as to minimize the disturbance in the 

stream' flow caused by the introduction of the tube. W ith an 

unequal entrance velocity into the sampling tube, large particles 

which possess considerable momentum will not change in direc¬ 

tion in conformity with the air stream and, as a consequence 

may be lost from the sample when the entrance velocity is too 

high or will be caught in excess when the velocity is oo °w^ 

In Bubar’s apparatus (6(1) the sampling pipe is provided with a 

pit Static tube, and a corresponding tube is inserted ,n « 

Hne- thus with proper adjustment, the sampling velocity is main 

tain'ed at the correct level. Other devices for isokinetic sampling 

described in the literature. Sampling by traverse, i 

1G6 
are 
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manner similar to that employed in making pitot-static readings 

in a pipe line, is necessary in order to ensure a representative 

cross-sectional sample. The ASME Test Code for Dust Sepa¬ 

rating Apparatus (14) outlines in detail the instruments and pro¬ 

cedure for dust sampling in pipe lines and stacks. 

Sampling in Still Air. Samples for size measurements are 

obtained without difficulty from dust suspensions in relatively 

still air, as in ordinary mine or factory atmospheres. Compared 

with the normal air movement of 25 fpm or more, the gravita¬ 

tional settling velocity of 1 fpm for 10-m particles is negligible. 

Particles of this size and smaller are thus drawn into the sampling 

apparatus in the proportion in which they exist in the air. A 

high entrance velocity and rapid change in direction of air flow 

may precipitate particles in the collecting tube, but this is easily 

avoided by proper design. 

Among the several instruments described in Chaps. 8 and 9, 

the various impingers are least useful for collection of samples for 

particle-size measurement because of certain common disadvan¬ 

tages. Collecting efficiency drops off rapidly for particles smaller 

than 1 /x. Coarse particles are not successfully retained, and the 

adhesive which is applied to the collecting surface interferes with 

microscopic examination. Disaggregation of flocculated material 

by the high-velocity impingement may give an excess of fine 

particles. Size separation in the dust deposit makes it difficult 

to select a statistically representative group of particles for 

measurement. 

4 he electric precipitator has high collecting efficiency, but the 

dust must be removed and redispersed on a slide for microscopic 
study. 

I he molecular or membrane filter and thermal precipitator are 

well adapted to the collection of atmospheric-dust samples for 

particle-size measurement. Collecting efficiency is high over 

the entire size range of interest, and the particles are deposited 

without being subjected to physical stress and are well dispersed 

on suitable surfaces lor direct observation under the microscope. 

Ihe number ot particles per unit area is readily fixed at the 

optimum concentration for easy measurement. There is some 

size separation across the thermal-precipitator dust ribbon, which 

does not occur, however, in the oscillating-type instrument (435). 
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MEASUREMENT 

It is convenient to divide particulate substances with respect 

to their measurement into three size groups: 

1. Screen sizes: greater than 40 g 

2. Subscreen or microscopic: 0.5 to 40 g 

3. Submicroscopic: less than 0.5 g 

A uniform sample will fall within one of these groups and recpiire 

only one method of measurement. Frequently, however, the size 

range extends into two or even all three groups, thus necessitating 

the use of two or more methods for the measurement of the entire 

sample. 
Screen Analysis. Dusts containing particles larger than 40 g 

are separated into size groups by means of a graduated seiies of 

metal-cloth screens which are available in convenient size 

intervals (preferably a geometric series) down to 400 meshes to 

the inch. The technique of operation varies with the nature of 

the material to be screened, but in general it is as follows: A 

known weight of dried powder is placed in a nest ot clean and 

dry screens which are shaken for a given length of time in a 

mechanical shaker. The material retained on each screen is then 

weighed. Little or no difficulty will be experienced with the 

screen analysis of materials down to the 200-mesh size (approxi¬ 

mately 0 1 mm). Below this size, however, results from dry 

screening are uncertain owing to the greater hygroscopicity, 

electrostatic activity, and aggregation of minute particles, as 

well as the difficulty of drying the material and screens always to 

the same degree. In such cases the dust may be suspended in 

liquids of low surface tension and screened successfully. 
Calibration of Screens. The size of the screen opening 

stamped on the label (the so-called “manufacturer s la mg ) i 

simplv the average dimension of the square openings and does 

not indicate the size of the material retained on the screen since 

this varies with the shape of the particles and the technique of 

screening. Various size-of-separation values have been piopose 

to meet the requirements of special problems ^ effective srze oi 

sand for water filters), and within limitations they give satis¬ 

factory results. In the study of industrial dusts -ever th 

screen analysis is frequently employed in conjunct on witW 

microscopic measurements of subscreen material, in older 
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connect, the two analyses, results must be given in terms of the 

same scale. Hence, we prefer to calibrate screens by actual 

microscopic measurement of the particles retained on each sieve 

after screening in the standard manner. The calibration curves 

on logarithmic-probability paper for 325- and 400-mesh screens, 

obtained in this manner, are shown in Fig. 66. 

Roller Air Analyzer. In the subscreen range there is some¬ 

times need to separate dusts physically into different size classes 

Fig. 66. Calibration of 325- and 400-mesh screens—size frequency curves for 

limestone dust actually retained, employing standard screening technique. 
(Courtesy J. Franklin Inst.) 

and to determine the quantity of material contained in each 

class. This may be accomplished by air elutriation. The dust 

particles are dispersed in an air stream which rises through a 

vertical chamber in which the air velocity equals the terminal 

settling velocity of particles of the desired cutoff size. Smaller 

particles are carried out of the separating chamber to a collector, 

and coarser ones fall back to be recirculated. Air continues to 

flow through the apparatus at a constant rate until the dust 

sample is cleared of particles below the cutoff size. The finest 

fraction is removed first, after which the air velocity is raised in 

stages to wash out successively coarser particles. For clean 

separation it is necessary that, the dust be dispersed from the 

initial bulk sample to give a dust cloud free of aggregates. This 

is accomplished by a high-velocity air stream which must then 

be slowed down to give streamline flow upward through the 

^paratmg f hambei. lo meet these and other requirements, 

m 6 °P,ed T apparatus shown in Fig. 67. The dust 
sample (dried) is placed m the U container, connected to the 
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bottom ot the vertical tube, and a constant stream of dry air is 

directed tangentially across the powder charge. A mechanical 

rocker device and automatic hammer, in combination with the 

air blast, impart a circulating motion to the charge, as illustrated 

in Fig. 68,1 and gradually lift the dust into the vertical elutriation 

Fig. 67. Roller particle-size analyzer. (Courtesy American Instrument Company.) 

chamber. Fines are carried through and collected in a paper- 

thimble filter attached to the outlet. Four separating tubes of 

different diameters are provided, which, in combination wit i 

selected rates of air flow, permit the successive separation of the 

following sizes: 0 to 5, 5 to 10. 10 to 20, 20 to40, 40 to 80 a, >80 a. 

A dust sample of 25 g may be separated into these six size classes 

in a few hours. The size distribution in each class compares 

favorably with expected values calculated by htokes aw 

Roller (353) has shown that, irregular particles are also separated 

in agreement with the expected size when particle diameter is 

calculated as the cube root of the product of the three pnmip. 

dimensions. 
i A modified air inlet has been recently described (353). 
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Dispersion of Bulk Samples for Microscopic Measurement. 

Loose materials like the dust obtained in the electric precipitator 

or from a bulk sample of dry powder must be carefully dispersed 

and fixed on a microscope slide for measurement. Nonuni¬ 

formity in the size distribution makes it necessary to spread the 

particles in a completely random fashion and without orientation 

in respect to size or shape. Aggregates must be deflocculated, 

but in the process of dispersion individual particles must not be 

Img. 68. Circulation of powder charge in Roller separator: (a) back stop, (ft) 
spring, (c) lug, (d) air inlet, (e) rubber hose connection, (/) hammer head. (After 
Holler, courtesy U.S. Bureau of Mines.) 

broken into smaller ones. Green (180) developed a dispersing 

technique for the study of fine paint pigments. It is not well 

suited to dusts of mixed sizes, however, since the crushing force 

exerted by the glass rod on a small sector of a large particle resting 

on a rigid glass surface is too great and shattering may occur. A 

more satisfactory technique, suggested by Silverman and Frank¬ 
lin (381) and improved by First, is as follows: 

As a substitute for Green’s glass rod, the rubbing-out process 

<>i producing an even dust dispersion, freed of agglomerates, may 

be performed with the aid of a toothpick. Since less force is 

■ pphod to the particles, longer treatment is required to achieve 

materiaD, T™”' shearin« iorees “V be increased 
i 3i " use 0 a viscous mounting media such as 

Canada balsam dissolved in xylol or gum dammar in turpentine.' 

1 Natural gums and resins are apt to be rather dirtv P • + 
very dilute solution should be prepared and fil l 1 llor to use, a 

filter to remove suspended dust and dirt. After filtration1V& hlle ?>aper 
concentrated. cei nitratlon, the solution is 
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1 hese have the added advantage of producing permanent speci¬ 

mens which may be examined at leisure and retained for a 

permanent record. W hether temporary or permanent mounts 

are made, the use of a viscous medium is highly desirable to stop 

or retard the Brownian motion associated with very small par¬ 

ticles (i.e., those <1.0 ju) and to prevent rapid reagglomeration 

of the dispersed dust. Glycerol or mineral oil make good substi¬ 

tutes for water and are often used for preparing temporary 

mounts. 

When there are large particles present, those greater than 37 n 

(approximately) are removed by sieving (wet) through a 400- 

mesh screen and only the material passing the screen is examined 

microscopically. The weight retained (i.e., the per cent >400- 

mesh) is determined and recorded as a part of the size analysis. 

If a major fraction of the dust is retained on the screen, that 

portion is size-separated by sieving. 

A representative sample of the material to be sized micro¬ 

scopically is treated as follows: 

A drop of mounting medium, such as Canada balsam dissolved 

in sufficient xylol to make a nonviscous solution (i.e., 80 to 90 

per cent solvent), is placed on a clean glass slide, and a small 

quantity of dust on the end of a toothpick is added. 1 he dust 

is dispersed in the drop by rubbing and the suspension spread 

over the glass in the form of a thin film. Most of the solvent 

evaporates during this treatment, and the well-dispersed dust 

particles become imbedded in the viscous residue. A clean 

cover glass completes the preparation. 
The mount is allowed to dry and harden but can be examined 

immediately and dried after the analysis is completed. For tem¬ 

porary mountings, using glycerol or mineral oil, drying is unneces¬ 

sary. This type of mount does not dry out like a water prepara¬ 

tion and is well suited to examination under oil immersion. 

Tf iho narticles are of such nature that the rubbing-out process 

but the shaking must be very thorough and prolonged to produce 
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a satisfactory dispersion. Because the resin must be diluted 

with solvent to produce a nonviscous mixture suitable ior 

shaking, there is some tendency for reagglomeration when a drop 

is placed on the microscope slide, but hardening can be hastened 

(and reagglomeration minimized) by drying the slide in a warm 

plaCe 
When there is a wide range of particle sizes represented on the 

microscope slide (i.e., from subsieve to submicroscopic), sizing 

requires additional attention to microscopic technique and the 

counting of a representative sample since high magnifications 

will be required and the particles will be distributed throughout 

the depth of the mounting medium. By focusing up and down 

the depth of the medium for each microscope field, and counting 

all particles found, statistically accurate size determinations 

can be made. More uniform slides for examination may be 

obtained by use of a four-stage cascade impactor followed by a 

molecular filter (page 144), but in this case five size analyses must 

be made—as well as an estimation of the proportion of dust 

deposited on each of the five stages. Only in those cases where 

the material deposited on the stages of a well-calibrated cascade 

impactor may be estimated by a simple chemical or physical 

test (i.e., radioactivity) is the use of this instrument likely to 

prove an advantage over direct microscopic examination. 

Mounting Media. The microscopic examination of coarse 

materials (5 n and over) with low magnification is a relatively 

simple matter requiring no great care in the choice and manipula¬ 

tion of the optical system. Industrial-dust suspensions, how¬ 

ever, possess an average particle size close to or even lower than 

the limit of resolution of the ordinary microscope, and the out¬ 

lines of the individual particles are not distinct without proper 

mounting of the sample, suitable illumination, and the use of 

well-corrected lenses. Small particles, to be distinctly visible in 

the microscope field, must be surrounded by a medium having an 

index of refraction sensibly different from that of the material 

under examination. 1 he refractive index for air is much less 

than for any solid particle, but because it is also lower than for 

glass, a disturbance of the wave fronts occurs at the air-glass 

juncture when a cover glass is placed over a dry mount for oil- 

immersion work; loss in numerical aperture results, with conse¬ 

quent loss in resolution of the microscopic system. 
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The visibility of small crystalline particles decreases as the 

relative index (i.e., ratio of refractive indices of particle and 

mounting medium) approaches unity (1G5). Furthermore, the 

smaller the particle size, the larger the range of the refractive 

index of the liquid which will cause it to become invisible. It is 

impractical, therefore, to use a mounting medium having an 

index of refraction close to that of the particles under investiga¬ 

tion. For example, Canada balsam has a refractive index (1.535) 

very close to that of quartz (1.54) and should not be used when 

this mineral is one of the principal constituents in the dust 

sample. Other gums and resins having refractive indices sen¬ 

sibly different from that of Canada balsam may be substituted 

when the need arises. The dust should be examined in more 

than one mounting medium if there is any doubt as to the refrac¬ 

tive index of the particles. Table 22, largely taken from Shil- 

laber (375), lists the refractive indices of some common gums 

and resins useful for temporary and permanent mountings and 

some viscous materials which may be used for temporary mount¬ 

ing. Water is included in the table as a reference. 

Table 22. Refractive Index of Some Mounting Media Suitable for 

Dust Examination 

Medium 

Water. 
Silicone oil (30,000 centistokcs). . 

Glycerol. 

Isobutyl methacrylate. 

Mineral oil. 

Cedarwood oil (thick). 

Gum dammar. 

Canada balsam. 

Colophony. 

Styrax... 
Aroclor (chlorinated diphenyl)... 

Balsam of tolu. 

Common solvent 

Carbon tetrachloride 

Water 

Xylol 

Kerosene 

Xylol 

Turpentine 

Xylol 

Turpentine 

Xylol 

Xylol 

Xylol 

Refractive index* 

(25°C) 

1.33 

1.4 

1 .463 

1.47 

1.48 

1.515 

1.521 

1.535 

1.545 

1.62* 

1.63 

1.64 

- , f material In liquid form they have a lower 

.*—    -— 
Selenium Coating. Laskin (278) developed a method for 

inn-easing the refractive index of particles by vacuum coatmg 

with selenium. This material has a refractive index of 2.8 wh.c 
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produces sharp contrast and high resolution of the particles 

under the oil-immersion objective. The full resolving power 

of the optical system is thus utilized in the study of mineral 

particles having natural refractive indices close to glass and cedar 

oil. The great advantage in the selenium coating is clearly 

shown m Fig. 69, which compares the size distributions obtained 

Irom an ordinary air-mounted sample and from measurements of 

selenium-coated particles. The effect was to reduce the median 

size from 0.89 m to 0.25 n, a decrease of 72 per cent. Only 13 per 

rent, of particles on the air-mounted slide appeared smaller than 

O.o m, whereas these constituted 74 per cent of the selenium-coated 
particles. 

The vacuum-coating apparatus is illustrated in Fig. 70. Oner- 
ation is as follows: 

The filament 
taining the dust 

is filled with small chips of selenium. The slides con- 

samples are inserted in the specimen holder, and the 
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bell jar is placed in position on the base. A vacuum seal between the 
jar and the base is made with Apiezon M grease. From a cold start 
the system is evacuated through both pumping systems without using 

the prepumping line. Pressures below 10-4 mm are obtained within 
20 min. In repeated operations this time can be considerably short¬ 
ened by keeping both pumps running and making use of the prepumping 
line. When the desired vacuum of 10~4 mm has been reached, sufficient 
time must be allowed to permit complete degassing of the sample. This 
depends upon the nature of the material and varies from several minutes 
to an hour or more. In order to coat the sample, a current of 20 amp is 

applied to the filament. Evaporation of the selenium is complete 
within 30 to 45 sec. 

Excellent selenium coats were obtained on uranium-dust 

samples collected on clean, dry slides. The coatings examined 

Sylphon bellows 

Sofety cage 

Class bell jor 

Baffle plate 

Base-plate flange 
/ 

Rubber gasket 

To vacuum gage 

-2"brass globe valve 

^6"vacuum flange 

( 
Rubber gasket I 

Water cooling coils y/j 

Type MC-275 
metal diffusion 
pump 

Fig. 70. Vacuum-evaporation apparatus. (After Laskin, R f 
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under highest microscope magnifications have a red color but are 

perfectly transparent and show no signs of structure or impuri¬ 

ties. The effect of the high refractive index of this film material 

is strikingly apparent in the severe contrast shown between the 

particles and the background and in the sharp particle details. 

The amount of material deposited is not critical but must possess 

as a lower limit a thickness of at least half a wavelength; as an 

upper limit, the coat should not be so thick as to obscure visibility 

by the deepness of the red color. The thickness of the coat can 

be controlled by variation of several factors, namely, the filament- 

to-specimen distance, the amount of material placed within the 

filament, and the time allowed for evaporation. If necessary, 

the coating procedure may also be repeated several times without 

harm to the specimen. The films are rather hard and stable 

under ordinary conditions. They are, however, not heat stable 

and were found to break down rapidly under conditions of 

intense illumination necessary for a projection microscope. 

Used with a standard microscope and ordinary illumination, no 

difficulties were encountered. 

Methods of Linear Measurement. The linear measurement 

of objects under the microscope may be accomplished in two 

ways: (1) by comparison with a scale incorporated in the ocular 

of the microscope, (2) by direct projection of the microscopic 

field or of a photomicrograph upon a screen where the enlarged 

images are compared with a suitable scale. The first method is 

the more accurate since the enlargement in the latter case is not 
obtained without loss of definition. 

A simple but excellent type of optical micrometer for the direct 

measurement of particles consists of a series of circles of graduated 

size on a glass disk (Fig. 71) which is inserted at the focal plane of 

the eyepiece (191). With a 2-mm objective, a 12X ocular, and 

suitable tube length, the smallest circle corresponds to 0.2 n and 

the largest is equivalent to 5.0 n. When viewed in conjunction 

with a sample of dust, the circles appear to be superimposed upon 

the images of the particles, and thus rapid determination of size 
may be made. 

The filar micrometer eyepiece, which consists in a movable 

cross hair bu.lt into a standard ocular and actuated by a cali- 

bra ed micrometer screw (Fig. 72), is also used for linear measure- 

t. 1 he alternate viewing of the microscope field and reading 
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/7 = I 2 3 4 5 6 7 8 9 

/7 = I 2 3 4 5 6 7 8 9 

Fio. 71. May’s eyepiece graticule for particle-size measurements. 

of the linear scale required with this apparatus is exceedingly 

trying on the eyes, and for this reason direct comparison with a 

series of fixed scales in the microscope field is to be preferred. 

The microscope field may be projected onto a viewing screen 
for comparison of the enlarged 

images of the particles with a 

suitable cross-section grid scale. 

This is much less fatiguing than 

direct measurement of the par¬ 

ticles under the microscope. 

The microprojector described in 

Chap. 9 may be used for this 

purpose together with a power¬ 

ful illuminator (an arc lamp or 

the equivalent) to give best 

results. 

The choice of apparatus and technique of p^rt 't-lo-sixc measure^ 

ment varies with the individual, and a method hat » wholly 

satisfactory to one person may be rejec e( y 
as the basic optical and statistical requ.rements are met 

Fig. 72. Filar micrometer. (Cour¬ 
tesy Bausch and Lomb Optical Com¬ 

pany.) 
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preparation of the sample and in its examination, the mec hanics 

of the method are not important. 

Definition of Particle Diameter. An irregular particle, such 

as a grain of crushed quartz, possesses no definite geometric 

diameter. The size of such a particle must therefore be described 

in terms of an arbitrary dimension, which may take any form so 

long as it is rigidly defined and can be easily duplicated. The 

diameter we have used is the distance between the two extreme 

points on the particle when measured in a horizontal direction, 

as in Fig. 73. In some cases 

this is the major axis of the 

particle, and in others it rep¬ 

resents the minor axis or some 

position between the two. 

Diameters measured in one 

well-defined direction give a 

representative picture of the 

size distribution of an entire 

sample provided that the par¬ 

ticles exhibit a chance distri¬ 

bution with respect to size 

and shape (29G). It is only 

necessary, as a further precau¬ 

tion, to measure every particle 

in the field of view so as to ensure a good statistical sample in 

which each size has its proper representation. With a well-dis¬ 

persed sample of fairly uniform material, the measurement of 

100 to 200 particles is usually sufficient to yield a satisfactory 
distribution curve. 

Size Measurements by Cascade Impactor. The cascade 

impactor, described in Chap. 8, was developed primarily for 

rapid determination of size distribution simultaneously with 

measurement of particulate concentration in the air. Particles 

are sorted out into size classes on the five stages (four jets plus 

terminal filter) of the instrument with minimum LruSngrf 

sizes on adjacent stages. The median sizes by number and bv 

dispersed. Calibration involves the careful microscopic measure- 
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meat of representative particles on each stage and construction 

of corresponding size-distribution curves on the basis ol number 

and mass of particles. From these, the number and mass- 

median diameters for each stage are determined. l<or other 

dusts having different densities, the corrected calibration sizes 

are calculated from the relationship 

di 

di 

where di, d2 and <ri, <r2 are the median diameters and corresponding 

densities of the standard and new dusts, respectively. 

An adhesive coating is required on each collecting slide to 

ensure high collecting efficiency and to minimize blowoff of par¬ 

ticles. This coating interferes with microscopic sizing, however, 

since it prevents the application of a selenium coating to the 

particles or the use of an optimum mounting liquid. To over¬ 

come these difficulties in calibration, Laskin (278, 304) makes use 

of a three-step procedure. Four cascade impactor samples are 

collected from the same standard dust cloud, two with adhesive 

coatings on the slides and the other two without coating. A ter 

the samples are collected, the adhesive is applied to one set of 

the previously uncoated slides to make them optically equivalent 

to set 1 The particles collected on the second set of adhesive-free 

slides are now coated with selenium. The quantities of dust 

collected on one set of adhesive-coated slides are determined by 

" 'analysis. The particles on the other -ts 

slides are then sized, using the same microscope and the A 

from the five stages combined in each case to yield the sue 

distribution curve ^ar'ger than in set 2, owing to 

the superior collecting by the ^coa^ 

apparerd, bCause of the better optica, arrangement. 

, The particle-size measurements on «,««,*£ 

doubtful value because of the sma^ ^ made Laskin calculated 

adhesive and selenium-coatt I • from theory and certain 

the size distribution on the WJ-JJ ^ Nation value to the median 

assumptions. It ina> »< >< . , include the percentage of materia 

wi*" ^ size-distribution curve. 
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By a graphical procedure it is possible to correct the measure¬ 

ments on set 2 by combining the benefits from both sets 1 and 3. 

Log-probability distribution curves (page 193) are plotted from 

all three sets of data, as in Fig. 74; and at each of several values 

along the percentage axis, the ratio ol sizes on sets 2 and 3 is 

applied to the corresponding sizes on set 1, thus reducing them in 

0.2 

0.0! 0.1 12 5 10 20 40 60 80 90 99 99.9 99.99 

Per cent less thon stated size 

Fig. 74. Final calibration curve of the modified cascade impactor, showing size- 
mass distribution obtained by method I; curve II, total size-mass distribution 
obtained by method II; curve III, total size-mass distribution obtained by 
method III; curve IV, corrected distribution curve. {After Laskin, Ref. 278.) 

amounts equivalent to the gain in microscopic resolution given 

by the selenium coating. Since the size scale is logarithmic, the 

corrections are made graphically by subtracting from set 1 the 

distances equal to the spacing between sets 2 and 3. The cor¬ 

rected curve in Fig. 74 is drawn through the open circles. The 

calibration mass-median diameters for each stage are found from 

this curve by locating on it the sizes corresponding to the cumula¬ 

tive percentages of material collected on successive stages, as 

determined by the chemical analysis of one set of adhesive-coated 

slides. The data in Table 23 apply to Fig. 74, and corresponding 

calibration values are plotted on the corrected curve. 

In use, it is only necessary to determine the amount of material 
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collected on each stage of the instrument by chemical analysis, 

radioactivity measurement, particle counting, or other micro- 

method. These measurements are then used in combination 

with the median-size values for each stage, previously determined 

by calibration, to construct the size-distribution curve. 

Table 23. Calibration of the Cascade Impactor 

Cumulative Percentage by Weight in Relation to Particle Size 

Stage 
Mass on stage, 

% of total 

Cumulative 
percentage* 

Mass-median size on 
stage-calibration 

value obtained from 

Fig. 74, m 

A 23.2 88.4 3.95 

B 46.1 53.7 1.66 

C 16.4 22.5 0 87 

D 8.7 10.0 0 58 

E 5.6 2.8 0 35 

Source: Adapted from Laskin (278). 

* Sum of all stages below plus one-half of percentage on stated stage. 

It is evident that this procedure greatly facilitates size meas¬ 

urements. It depends, however, upon the applicability of the 

calibration values to other dusts which may differ in physical 

characteristics. For example, the disaggregation of particle 

aggregates caused by high-velocity impingement and the variable 

blow-off of deposited particles sometimes result in quite different 

instrument performance in relation to particle sine, leading to 

errors in size-distribution measurements. In particular, the 

disaggregation may result in an overestimate of the amount of 

material in the line fraction. The calibration values obtained 

with one test dust must therefore be applied with care to other 

dusts It is also necessary that all instruments employed with 

a single set of calibration values have the same performance 

characteristics. To this end, Laskin has developed specifics 

lions for the construction of duplicate instrumen s. 
plrticle-size Determination by Elutriation. The unconscious 

tendency on the part of the observer to focus on and rccoul only 

the large particles, which seem to obscure small ones lessens 

value of direct microscopic measurement of nonuniform du . 

In order to provide an integrated size analysis ol such materia s, 

I large sample is divided into size fractions according to a st. 
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arc! method of elutriation and the proportionate amount in each 

fraction is determined. For this purpose Cummings (88) devel¬ 

oped the following technique: 

The dust is thoroughly dried and then passed through screens suitable 

for separating particles larger than the upper limit of the size desired. 

Dust passing through a 270-mesh screen has been used for the separa¬ 

tions illustrated. 
Twenty-five grams of this screened material are spread evenly over 

the bottom of a large, flat, glass culture dish 22 cm in diameter and 8 cm 
deep. Dilute 125 cc of 95 per cent alcohol to 250 cc and pour this mix¬ 

ture slowly into the dish, and at the same time work the dust to a 

smooth paste with a rubber “policeman.” Add to this suspension a 

liter of water, stir constantly, and continue the agitation until a homo¬ 

geneous suspension is obtained. 
Just as the agitation is stopped, the time is observed and the dust is 

allowed to settle for min. The supernatant suspension is carefully 

but quickly decanted into a second container of the same size. The 

time is noted at the end of the decantation, and this suspension is now 

allowed to settle for 1 min. The supernatant fluid is decanted as before 
into a third container, where it is allowed to settle for 2 min. This 

process is continued, using twice the length of time for each succeeding 

sedimentation until after the eighth, or 64-min, sedimentation. It is 

then decanted into a dish in which it is allowed to settle for 4 days. 

The dust is roughly classified by this first process; the largest parti¬ 

cles are found in the sediment of the first container, and the finest in 

the last. Dust remaining in suspension after 4 days of settling is in 

such violent Brownian movement that it will remain suspended prac¬ 
tically indefinitely. 

In order to clean these fractions, the “fines” must be removed by 

further washing. Therefore the sediment in the first dish is again 

brought into suspension in a liter of the water-alcohol mixture by rapid 
agitation, and is allowed to settle again for ^ min. The supernatant 

suspension, which contains a mixture of “fines,” is decanted as before 
into the dish containing the sediment which settled out in 1 min in the 

first classification. All the dust in this dish is then brought into sus¬ 

pension allowed to settle for 1 min, and then decanted into the following 

dish. This process is continued through the series, and the whole ooer- 
a ion is repeated as often as is necessary to obtain a clear supernatant 

uit m the settling interval. Beginning with the third sedimentation 
water is used rather than the water-alcohol mixture. 

A modification of Cummings’ technique employed at the 

University of Rochester (278) is shown graphically in Fig. 75 
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By this system of recycling, successive fractions with no more 
than 10 per cent overlap in size are obtained. For best results a 
suitable dispersing agent may be required. The settling vessels 
should be kept free from vibration and temperature changes. 
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F.O. 75. Flow sheet lor fractionation of dust. {After LaBelU, Ref. 278.) 

The thoroughness of separation is indicated visually by the 
clarity of the supernatant liquid, although this should be checked 
by microscopic examination. The sediment ,s removed, dried 

and weighed, or it may be resuspended in water and e 
of particles in each fraction determined by count. Gumming 
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found that the theoretical sizes calculated by Stokes’ law for the 

various fractions do not agree with those given by direct measure¬ 

ment, and so he prepared an empirical chart (Fig. 7G) for quartz 

which gives the actual particle sizes obtained with various 

settling velocities. 

Iht kS'U r detfrmhmVg time of settllnS of various particles. To use the 
chart. 1 ind the diameter of the particle sought in the ordinates; note the number 

virH U r it m: run horizontally from that point to the index line and drop 
vertically from this point to the horizontal column having the same number 

courtesy ^ ^ °f in SeC°nds- ^ter Cummings, 

Determining Size Distribution by Electron Microscopy. The 

resolving power of the electron microscope is of the order of 

1US, it, extends the range of size measurement down- 

wanl, compared with the optical microscope, more than one 

<> < <1 of magnitude. Its application to the study of industrial 

.lusts and fumes depends largely upon the method of collection to 

rthVdeUc“r ahd,PrOP°rly diSP°rSCd —I* of particles 
dehcate him which is required in electron microscopy 
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The particles are best deposited directly from the air onto the 

collodion film supported on the wire grid, and for quantitative 

work, the distribution has to be wholly random in respect to both 

particle size and number of particles. Two sampling instru¬ 

ments have been used: the electrostatic precipitator and the 

oscillating thermal precipitator. 

Precoated wire grids are attached to the inner walls of the 

electrostatic tube; we have used three grids, tacked with cement 

to a }4"in. strip of aluminum which, in turn, is held in electrical 

contact with the tube. The grids are spaced to give representa¬ 

tive deposits along the tube. The wires of the grid disturb the 

electric field and cause nonuniform particle deposition on the 

collecting film. This may be overcome by a further mono- 

molecular coating of aluminum on the collodion film applied by 

the usual vacuum-coating technique. Since there is no depend¬ 

able order to the dust deposit along the precipitator tube, in 

respect to number or size of particles, this method of particle 

collection does not necessarily give representative samples for 

size measurement or counting. 
The oscillating thermal precipitator, which yields a random 

deposit in respect to size and number of particles, was developed 

primarily for the collection of dust samples for electron micros¬ 

copy (435). A precoated grid is mounted in the oscillating block 

on one side of the hot wire and a stationary cover slip provided in 

the standard manner on the other side. 4 his is to permit com¬ 

parison of counts by optical and electron microscopy. The 

relative numbers deposited on the two sides must be determined 

for each instrument, using coarse particles which are readily 

counted by optical microscopy. For this comparison the grid on 

the oscillating side is replaced with a standard cover slip and is 

kept stationary during the test. The ratio of counts is applied 

to subsequent electron-microscope counts obtained with 

oscillating instrument (provided the wire is not thrown out of 

alignment subsequent to calibration). . f 
The number of particles per unit area in the plateau region 

the dust deposit (more than 1 mm in width) ,s uniform and 

related to the total number of particles in the deposit, as follows. 

JV = LDC 
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where N = number of particles in total deposit 

L = ribbon length 

D = amplitude of oscillation 

C = concentration per unit area in plateau region of 

deposition on ribbon 

The cloud concentration is given by 

Nr 

where r is the ratio of total number of particles collected on both 

sides of the thermal precipitator to the number collected on the 

moving side only; V is the volume of sample. 

Within the plateau region of deposition, particles are deposited 

at random in respect to size as well as number. Only a small 

number of fields need to be photographed, therefore, to give 

representative size measurements. These electron photomicro¬ 

graphs, obtained at the desired magnification, may be further 

enlarged by projection onto a screen. 

Using a standard cloud of methylene blue particles, produced 

as evaporated residue after atomization from solution, Walton 

et al. (435) obtained comparative results by optical and electron 

microscopy, as shown in Table 24. 

1 he number concentration determined by electron microscopy 

was more than five times greater than by optical microscopy. 

Corresponding median sizes were 0.05 and 0.28 /x. Over the 

particle-size range from 0.4 to 1 M the results are in close agree¬ 

ment. Below 0.4 M, however, there was considerable disagree¬ 

ment among observers using the optical microscope, thus indicat¬ 

ing the lack of reliability in size measurements when the size 

approaches the limit of resolution of the microscope. Walton 

etol point to the same potential error at the limit of resolution 

o the electron microscope and state that many particles in this 
size range were present in their test cloud. 

I his remarkable shift toward a finer particle size, revealed by 

election microscope, has been noted by others (99) It is 

supported by careful size measurements of thermal-precipitator 

amp es 0f mine dusts by the optical microscope, whfch ind cate 

that 90 per cent or more of the particles are beyond its re“g 

Power. By simpie water elutriation of samples of groundflint 
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and dark-field counting, we have found that 90 per cent of the 

particles are smaller than 0.5 n. These results emphasize the 

limited usefulness of particle-size measurements on industrial 

dusts and fumes by optical microscopy. 

Table 24. Comparative Particle Concentration in Relation to Size, 

by Optical and Electron Microscopes 

Number of particles per cubic centimeter in 
cloud, greater than stated size 

Size, m Optical microscope (2-mm 
1.37 N.A. oil-immersion 

objective) 

Electron microscope 
(11,000X) 

0 310 1728 

0 022 1229 

0 043 987 

0.087 565 

0.174 203 

0.26 
0.28 138 

87 

0.35 
0.40 39 

45 

0.43 26 

0.52 
0.57 12.2 

14.5 

0.70 
0.80 4.8 

4.60 

0.87 (0.86) 

1.04 
1.13 
1.22 
1.00 

1.8 

(Oil) 

0.2 

(0.11) 

Indirect Methods for Studying Submicroscop.c Particles 

These methods arc based upon the quantitative evaluation of 

some measurable property of the dust which is: a function ofs*. 

They depend for accuracy upon certain assumptions that may 

Of air-borne particles in an alternating electric field of 
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quency by photographing their paths in the cell of an ultra¬ 

microscope. Assuming a systematic relation between particle 

size and electric charge, they were able to calculate the size dis¬ 

tribution. Cassel and Schultz (304) have made use of the rela¬ 

tionship between size and amplitude of oscillation in a sonic field 

for the same kind of measurements. Rohmann (351) measured 

the settling rate in an electric field of known potential, again 

assuming an orderly relationship between size and charge. 

Daniel and Bracket (98), however, have suggested that the 

charge per particle may vary in a random manner from a unit 

charge up to numbers of unit charges in proportion to surface 

area. Thus, the relationship is a complex one and does not lend 

itself to practical determination of size distribution in field 

studies. 

Surface-area Measurement. The specific surface of powders 

has been measured in terms of the pressure drop of a fluid flowing 

through a packed bed of the powder (70), but this fails to give 

dependable results with fine sizes (279). Emmett and Brunauer 

(141) determine the surface area in terms of the amount of 

nitrogen absorbed in a monomolecular layer on the particle 

surfaces. A special low-temperature vacuum apparatus is 

required for this purpose. 1 he method is especially adapted to 

the study of fine particles with specific surfaces in excess of 

10,000 sq cm g (<2 n). The absorptive surface includes all the 

irregularities and internal surfaces on which the gas may be 

absorbed, and with porous materials like activated charcoal and 

alumina, this may greatly exceed the simple external surface or 

the effective surface for solution in liquids or for adsorption of 

large molecules from liquids. Natural aggregation of fine par¬ 

ticles, which behave like coarse particles in the respiratory tract 

are not recognized by this method, which measures the total 

surface area, regardless of flocculation. A practical limitation in 

e application of the method to the study of air-borne dusts and 

fumes is m the quantity of material required for the measure¬ 

ment For minimum error the sample should have a surface 

area of about 10* sq cm. With an average size of 1 M this may 

amount to several grams. Such a sample may be collected by 

:irr:::™tor’although a high-™iume ^ 
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Count-weight Method. The mass-average particle size of a 

dust sample can be determined from the number of particles per 

unit weight and from the density of the material, assuming 

spherical particles, thus: 
3 J 

D = 
6 

_ ircrN 

where D = particle diameter, cm 

a — density of material 

N = number of particles per gram 

Dry powders must be carefully dispersed with a known weight 

concentration per unit volume of liquid for counting; impinger 

samples, on the other hand, must be evaporated and the residue 

weighed. Since the weight concentration in industrial atmos¬ 

pheres is usually measured in milligrams per cubic meter, a very 

large volume of air must be sampled to give a weighable quantity 

of dust. A standard counting technique such as the dark-field 

method is required. This method is open to two objections in 

the study of industrial dusts. (1) It yields only an average diam¬ 

eter (the diameter of the hypothetical sphere having a\ ei age 

volume) and gives no indication of the nonuniformity of the 

material, which is, in many instances, as important as the average 

size. (2) The method is subject to great error through the 

inadvertent entrance into the sample of a few exceptionally large 

particles which increase the weight a considerable amount with¬ 

out materially altering the size distribution. 

GRAPHICAL AND MATHEMATICAL REPRESENTATION OF 

PARTICLE-SIZE DATA 

Average Diameters. A full description of the size of a non- 

uniform particulate substance requires the determination o 

several average diameters, rather than a sing e mean valuei (334). 

Th„, it. annears in Fig. 77 that sample .4, is larger than D, 

although they have the same median size in terms of the number 

of nan tides. According to Green’s definition (190), an average 

diameter is the diameter of a hypothetical particle whic in some 

physical way represents the total number of parties m a samp ^ 

£~ 
“ llTi TV the diameter el *. !•«* 
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having average surface area is given by the equation 

where d is the particle diameter and N is the number of observa¬ 

tions. The several average diameters necessary to a complete 

definition of size are presented in general form in Table 25, 

column 3. 

The size variation in a series of particle measurements in a 

sample of nonuniform dust is best shown by a size-frequency 

Fig. 77. Samples of crushed quartz having the same median size. (Courtesy J 
Franklin Inst.) 

curve, which is obtained when the individual measurements are 

arranged in groups of equal size intervals and when the per¬ 

centage frequency in each group is plotted against the mid-value 

of sizes in the group. The resulting curve has a modal value 

and approaches zero toward the ends; it is generally asym¬ 
metrical or skewed (Fig. 78). 

I he shape characteristics of the distribution curve vary with 

respect to the size of the material in two ways: (1) the absolute 

value of the modal size differs, and (2) the range in size and the 

skewness of the curve are not the same from one sample to 

wh her, ,11 “ eVldent’ thcn’ that ^e mathematical equation 
ch defines the size-frequency curve may also be employed to 

describe the size of the dust. 1 ' 

hnLrithmiC P]robability Distribution. In this connection it 
has been pointed out by Drinker 

y ^nnkei (123) that the asymmetrical 
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frequency curves can generally be converted into symmetrical 

curves which follow approximately the ordinary law of chance or 

normal probability curve when the logarithm of size is substituted 

in the graph for the size itself. Thus the skewed curves in Fig. 78 

become symmetrical logarithmic curves, as in Fig. 79. 

This normal distribution in the logarithms of size has a physical 

basis, according to Epstein (143), who has shown by the applica¬ 

tion of the laws of probability to the mechanisms of breakage in 

Fig. 78. Size-frequency curves of samples A3 and D. (Courtesy J. Franklin Inst.) 

crushing and grinding that the resulting smaller particles should 

be distributed logarithmically. Similarly, Kottler (263) con¬ 

cludes that crystal particles resulting from chemical reactions in 

solution must show a normal distribution in terms of the loga¬ 

rithms of size. He distinguishes between the two parameters of 

the log-probability curve, the geometric mean and standard 

geometric deviation, in respect to physical meaning, Thus, 

differences occur in the geometric-mean size in two size distribu¬ 

tions resulting from the same kind of ^em,cal reactions because 

of variation in the time at which crystal growth started. 1 1 

ences in standard geometric deviation, on the other hand, re 

differences in the rate of chemical reaction and crystal grow • 

In recognition of factors which tend to fix an upper size limit in 

a dust fraction obtained by air elntriation or other size classifiers, 

Holler (354) proposed another form of exponential equatio 
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which describes the size distribution below such a limit. Rosin 

and Rammler (355), similarly, found that a double exponential 

formula best fitted their data on coal breakage. Kottler (263'' 

points out, however, that the practical limitations which these 

equations recognize are as easily incorporated into the loga 

rithmico-normal equation. 
Quite apart from its physical basis, the log-probability curve 

has considerable practical value as a mathematical means for 

Fig. 79. Logarithmic size-frequency curves of samples A3 and D. (Courtesy J 
tranklm Inst.) 

describing size distribution, since it is easily shown (216) that 

the geometric mean and the standard geometric deviation, which 

rigidly define the logarithmic-probability curve, also determine 
completely all the average diameters. 

he necessary equations for determining the averages from 
these statistical parameters, derived from the well-known mathe- 
matics of the probability law (216), are presented in Table 25. 

he labor involved in determining the two parameters can be 
considerably reduced by utilizing logarithmic-probability paper 

(226) "'h,ch allows a graphic solution of the problem. On this 
paper the summation curve obtained by the integration of the 
logarithmic size-frequency curve plots as a straight line The 

schedule for computing ordinates of the summation curve is 
gi\en together with illustrative calculations in Table 26 

1 he geometric mean is the 50 per cent size, since the mean hv 
el,nit,on, bisects the symmetrical frequency curve. The stand 
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arc! geometric deviation can be shown from the probability 

integral to have the following value: 

84.13 per cent size 50 per cent size 
ff° 50 per cent size 15.87 per cent size 

As an illustrative example, the data in Table 26 have been 
plotted on logarithmic-probability paper and the statistical 

parameters determined graphically in Fig. 80. 

Table 26. Typical Particle-size Data Arranged for Plotting on 

Logarithmic-probability Paper 

Group size, 
filar units 

Upper limit 

of group, 
Group 

frequency 

Number < 

upper limit of 

group size 

1-2 2.2 28 28 
2-3 3.3 32 60 
3-4 4.4 20 80 
4-5 5.5 15 95 
5-6 6.6 14 109 
6-7 7.7 8 117 
7-8 8.8 9 126 
8-9 9.9 5 131 
9-10 11.0 4 135 

10-11 12.1 5 140 
11-12 13.2 3 143 
12-13 14.3 2 145 
13-14 15.4 1 146 
14-15 16.5 0 146 
15-16 17.6 2 148 
16-17 18.7 0 148 
17-18 19.8 1 149 
18-19 20.9 0 149 
19-20 22.0 2 151 
20-21 23.1 0 151 
21-22 24.2 0 151 
22-23 25.3 1 152 
23-24 26.4 2 154 

By calibration, one filar unit = 1.1 M. 

Percentage < 

upper limit of 
group size 

18 
39 
52 

62 

71 
76 
82 

85 

88 
91 

93 

94 

95 

95 
96 
96 

97 

97 

98 

98 
98 
99 

100 

Curve Fitting. [„ practice, the plotted points rarely fall 
n.cely on a stra.ght line, and judgment must be exercised h 

drawing the line of best fit. Deviations from a straight line are 
particularly noted at the extremes, above 80 and below 20 per 
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cent. The first question to be raised is: How many individual 
size measurements are required to give reliable results? The 
answer lies, of course, in the realm of statistics, and the error 

decreases in magnitude as the number of observations increases. 
With typical industrial-dust samples which exhibit no abnormal 

numbers of extremely fine or coarse particles, we have found that 
200 measurements, and sometimes as few as 100, are sufficient to 

give a stable plot. It is not good practice to combine the meas¬ 
urements from two different microscope slides, even though they 

come from the same original dust sample, since it can be shown 

that this increases rather than decreases the error. 
The probability scale on the special plotting paper expands 

equally on both sides of the 50 per cent point, and the change in 

scale value becomes great outside the 1 and 99 per cent ines. 
It follows that deviations of plotted points from the straight line 
Of best fit are greatly exaggerated at these limits. Consequently, 
curve fitting by eye may lead to error unless proper allowanoe ts 
made. It is our practice largely to ignore the points fa ling 

outside the 20 and 80 per cent lines when fitting a stia.ght i1 ^ 
A more exact algebraic procedure of curve fitting for Precise 
analysis is recommended by Kottler (264), based upon the mini¬ 

mum chi-square test, familiar to statisticians. 
Determination of Average Diameters from the Weight Ana y 

• It will be observed in Table 25 that the various average 
SIS. 
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diameters are functions of two factors: the diameter and the 
numerical frequency of particles. Hence, the calculation ot 
their respective values requires the size-distribution data in tei ms 

of frequency by count. This requirement is met when the dis¬ 
tribution curve is obtained by direct microscopic measurement, 
and also when fractions obtained by elutriation are evaluated by 

Fig. 81. Typical screen-analysis data plotted on logarithmic-probability paper. 

(Courtesy J. Franklin Inst.) 

count. Generally, however, the settlement method of size sepa¬ 
ration as well as the screen analysis gives the percentage of dis¬ 

tribution by weight, thus yielding data that cannot be used 

directly in the calculation of the various average diameters. 
It can be shown, however, that if the numerical frequency 

curve follows the logarithmic-probability law, then distribution 
curves in terms of surface area, weight, or any other function of 

size and count will have the same form and will be parallel to each 
other, i.e., they will have the same standard geometric deviation 

(213). This accounts for the good straight-line plots on loga¬ 
rithmic-probability paper given by screen analysis of sands, 
crushed materials, etc. (Fig. 81). It can be shown further that 

the geometric-mean diameter by weight bears the following rela¬ 
tion to the geometric mean by count (213): 

log Mg = log Mg' - 6.9078 log2 <r„ 

where Mg' is the geometric mean by weight and <r„ is the standard 
geometric deviation by count or by weight. 

By means of this relationship one may calculate the various 
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average diameters from the parameters of the weight-distribution 

data. The necessary equations are given in column 5, Table 25; 
in Fig. 82 the weight analysis of a sample of limestone dust is 
shown together with the theoretical curve for the distribution by 
count. Superimposed on this are plotted the results of an actual 
microscopic determination of the size distribution of the sample. 
The agreement with the theoretical curve is satisfactory. 

Per Cent Less Thorn Stated Size 
Fig. 82. Composite curve of distribution by weight of sample of fine limestone 
dust. Size-frequency curve calculated from weight-distribution curve and 
compared with distribution obtained by direct microscopic measurement. 

(Courtesy J. Franklin Inst.) 

The calculation of distribution in weight from the size distribu¬ 
tion in numbers of particles may be subject to considerable error 

when the standard geometric deviation is large. For example, 

when <7, = 3, Mg' = 40 X Mg and 95 per cent of the weight in 
the dust is contributed by no more than 5 per cent of the par¬ 

ticles in the largest sizes. Thus, if Mg = 1 m, then 95 per cent 
of the particles by weight are larger than about 6 g and 95 per 
cent by number are smaller than this size. Deviations from the 

straight line plot of size distribution are not uncommon at the 
extreme percentages. It is evident that these deviations may 
be of great practical importance in the conversion from count to 

weight, and vice versa. There are sources of error in size 
measurement as well as basic physical factors which can account 

for the deviations from the log-probability line. For particles o 
microscopic size, the lower limit of visibility under the optical 
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microscope and increasing error in size measurement as particle 
diameter approaches the limit of resolution will contribute to the 

deviation. Similarly, in the range of large sizes, high settlement 

rates compared with normal air movement cause more rapid 

removal of the coarse particles. 
Effect of Shape upon the Size of Irregular Particles. The 

surface area of a sphere is given by the expression ird2; for a cube 

the value is Gd2] in general the surface area of any geometric 
shape is ad2, where a is a constant which may be termed the 

area-shape factor. Likewise, the volume of any geometric shape 
is given by vd3, where v is the volume-shape factor (190). For non- 

uniform particles one may assign the following values to the 

average surface area and average volume, respectively: 

S = a A2 

V = VD3 

For the average volume one may also write 

where a = density of material 

N = number of particles per gram 
Hence, 

vD> = 4 
<jN 

and 

v = 
1 

aN I)3 

Thus, if N is determined by the count-weight method (page 190) 

and 1) is calculated from the size-distribution data obtained by 
direct microscopic measurement, the value of „ may be deter¬ 
mined. 1 his was done by Martin (294), who found for crushed 

quartz an average value of 0.27. There was no evidence that it 
va. led significantly with size. Martin (295) also determined the 

total surface area for a known number of particles and in the 

foiegoing equation determined the value of a to be 2 1 These 

gures demonstrate that the frequent assumption of spherical 
shape foi dust particles is not in accordance with facts 



CHAPTER 11 

CHEMICAL AND MINERALOGICAL ANALYSIS OF 

DUST 

Industrial dust generally consists of a mixture of several 
minerals. It contains nothing not found in the parent substance, 
but the distribution of the various constituents is not necessarily 
the same as in the original material, nor is the composition con¬ 

stant for different sizes of particles. 
The mineral composition of dusts is of more hygienic sig¬ 

nificance than their chemical make-up: the minerals themselves 
are generally nonopaque complex chemical substances which 
require special methods of analysis for quantitative identification. 

Frequently in controlling dusts and fumes we make use of 

analyses of biological specimens such as the urine, blood, and 
sputum of workers. Occasionally we have to consider dust 
deposits in autopsied lungs. Such specimens generally contain 
large amounts of extraneous matter, much of it organic, which is 
removed before the analysis or the identification of the element 

or compound can be completed. 
Collection of Air Sample for Analysis. The sample is best 

taken from the air at the breathing zone; subsequently it is 
divided into a series of size fractions (Chap. 10) so that the 
composition with respect to size can be determined. Analysis o 
the fractions obtained by elutriating a rafter sample may reveal 

the same change in composition with size that is shown by the 
sample collected directly from the air. but because a settled 
deposit is inherently coarser than the .lust in the air it is hard to 
calculate the true distribution of the various constituents Horn 

the data thus obtained. . ., 
A homogeneous and rather pure substance like zinc oxide cai 

he sampled in any convenient way, and a fe'v 'ndhgrams suffi 

for quantitative analysis. Sometimes a suitable portion can be 
obtained from material settled or condensed out in pipe lines, 

200 
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furnace hoods, and the like, but a direct air sample is usually 

preferable. 
For analyzing mixed dusts chemically, a large sample, prefer¬ 

ably weighable in grams, is desirable. This, in turn, means a 
large air sample. There are at least two good high-volume 
samplers now in current use, the pleated filter of Silverman and 

Viles (387) at GO to 70 cfm capacity and the Mathews and 
Briscoe’s salicylic acid filter (298) at 25 to 30 cfm as modified by 

Holden et al. (237) (see ('hap. 8). 
Silverman’s filtering medium is made from material used and 

approved for masks protecting against toxic mists and smokes. 

The efficiency is extremely high, and the filters can be weighed 
before and after taking the sample. It is our experience that 

fibrous filters, such as paper, collect samples suitable for micros* 

copy or petrography. Because such samples are examined 

regularly, the appearance of an occasional paper fiber on the 

microscope slide is not bothersome. They must be removed, 
however, jn samples intended for x-ray analyses. 

In the use of salicylic acid filters the acid crystals are dissolved 
in ethyl alcohol and the dust particles collected on filter paper 

from which they are then washed into a sedimentation flask for 
separation into sized fractions. 

A composite sample may be obtained from the air-cleaning 
apparatus of an exhaust system by mixing proper proportions of 

material from the various stages of the apparatus. If, for 

example, the dust collector removes 80 per cent and 20 per cent, 
respectively, in the primary and filter compartments of a two- 

stage apparatus, the sample should be made up of the same 

percentages. When dusts produced by the several processes 
connected to an exhaust system differ markedly in their com¬ 
position, it is necessary to collect separate samples from each. 

Size Separation. To determine the variation in dust composi¬ 
tion with particle size, it is desirable to separate the sample into 

several size fractions. We have used four size groups: >10, 
o to 10, 2 to 5, and <2 g. For practical assessment of dust 

hazards in most cases, however, it is sufficient to divide the 
sample into two fractions only, one above and the other below 

o m, since this represents a significant division between the sizes 

deposited in the upper respiratory tract and alveolar spaces of 

the lungs. Cummings’ chart, Fig. 7G, shows that a settling time 
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of 45 min, settling depth of 3.5 cm, will accomplish such a sepa¬ 
ration.1 Generally it will be necessary to rewash and resettle the 
coarse fraction several times to obtain reasonably clean fractions 
above and below 5 m- How often this must be done can best be 
decided by trial, but the procedure is not at all difficult. 

Calculation of Results from Analyses of Size Fractions. The 

change in composition of various size fractions with the total 

Table 27. Size Analysis and Chemical Analysis of General 

Air-borne Dust in Iron-foundry Core Department 

Size of fraction 

> 10 (U. 5 to 10 ju 2 to 5 m <2 n 

Size analysis 

Percentage by weight. 
Percentage by number. 

73 
1.1 

13.5 
1.7 

7.7 
7.8 

5.8 
89.4 

Chemical composition 

Carbon, organic matter. 
Carbonates, iron, other HC1 soluble. 

12.0 
6.8 
8.9 

72.3 

35.7 
9.8 

26.3 
28.2 

44.4 
12.3 
20.6 
22 7 

69.9 
13.1 
13.7 
3.3 

100 0 100.0 100 0 100.0 

sample is shown in Table 27, which gives the results from four 
fractions of an air-borne foundry-dust sample (220). Seventy- 
three per cent of the weight of the sample is contributed by the 

particles greater than 10 a in sine, yet these constitute only U 
percent of the total number of particles. It will be ob¬ 
served further that the percentage chemical composition varies 

markedly with particle sine. In Table 28 the data have been 
recast to show the distribution of the four principal constituen s 

(combustible and acid-soluble particles, silicates, tree silica) ol 

the foundry dust according to particle size. 

. For heavier materials, such as iron oxide, the she 
less than 5 a- This is not disturbing, hoivever sin th^P^ P^ 

resphatory) tracO° iron particles will be removed in 

smaller sizes than the silica. 
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The percentage by weight of free silica in the total sample is 

58.5, a figure that compares closely with the result commonly 
obtained by analyzing a foundry-rafter sample (305, 35G); the 

amount of free silica with a particle size less than 10 /x is only 
5.7 per cent by weight of the total sample, and only 0.2 per cent 

Table 28. Percentage of Distribution According to Particle Size, 

by Weight and by Number of Particles, of the Principal 

Constituents in Iron-foundry Core-department Dust* 

Constituent 

Distribution according to size 

>10M 5 to 10 /i 2 to 5 /j> <2/i < 10 n Total 

Percentage by weight in each fract ion 

Carbon, organic matter. 8.7 4.8 3.4 4.0 12.2 21.0 
Carbonates, iron, other HC1 
soluble. 5.0 1.3 1.0 0.8 3.1 8.0 

Silicates. 6.5 3.6 1.6 0.8 6.0 12.4 
Free silica. 52.8 3.8 1.7 0.2 5.7 58.5 

Total. 73.0 13.5 7.7 5.8 .... 100.0 

Percentage by number of particles in each fraction 

Carbon, organic matter.. . . 0.1 0.6 3.4 62.4 66.4 66.5 
Carbonates, iron, other HC1 
soluble. 0.1 0.2 1.0 11.7 12.9 13.0 

Silicates. 0. 1 0.4 1.6 12.3 14.3 14.4 
Free silica. 0.8 0.5 1.8 3.0 5.3 6.1 

Total. 1.1 1.7 7.8 89.4 .... 100.0 

* Data from Table 27. 

by weight is made up of quartz particles less than 2 n in size. 
In the same way, only G.l per cent of the total number of particles 

m the sample is made up of free silica; of these, 5.3 per cent (of 
the total) is made up of particles less than 10 n and only 3 per 

cent of particles less than 2 M in size. Thus, a careful study of 

the chemical composition with respect to particle size leads to 
an entirely different conclusion regarding the hygienic impor¬ 

tance of this dust than is obtained from a single analysis of the 
whole sample (last column, Table 28). 
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DETERMINATION OF FREE AND COMBINED SILICA 

Pure quartz consists of only one chemical compound, silica, 
Si02. A rock like granite, on the other hand, contains, in addi¬ 
tion to quartz, varying proportions of several other minerals such 

as feldspar and mica. Both these minerals contain silica 
although it is present in the form of silicates rather than as Si02. 
Quartz and other forms of the chemical compound Si02 are 
spoken of as free silica, whereas oxides of silicon contained in 
feldspar and other silicates form combined silica. By chemical 

Table 29. Mineralogical Composition of Granite 

Mineral Per Cent 
Feldspar (orthoclase). “0 

Quartz. 25 
Mica (muscovite). 5 

100 

Table 30. Chemical Composition of Granite 

' Per Cent 

Si02 (total). 72.55 
Al.,0:,. 14.80 
K20. 12.42 

H20. 0 23 

100.00 

analysis all silicon is determined as Si02 without distinction 
between the free and combined forms. Mineralogical analysis, 
on the other hand, gives the percentage composition of the various 
mineral constituents. Thus a granite that contains the propor¬ 
tions of minerals shown in Table 29 will show by chemical 

analysis the composition given in Table 30. 
This rock contains 72.55 per cent total silica, S1O2, tree and 

combined but only 25 per cent quartz. Since the free silica is of 

greatest hygienic interest, it is clear that the ordinary chemical 
analysis may fail to indicate the silicosis-producing possibilities 

1,1 Determination of Free Silica. The best methods in current 

use require standard chemical analyses combined with pctio 
graphic and x-ray diffraction analyses of residues at various 

steps in the procedure. A thorough discussion, with critical 

literature review, is given by Durban (134) whose own method 

is summarized by him as follows: 
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In this method the sample is treated first with hydrochloric acid to 

remove easily-soluble compounds, then with phosphoric acid to break 

down silicates and finally with dilute hydrofluoric acid to dissolve col¬ 

loidal silica liberated by the other acids. A small portion of the residue 

which survives this treatment may be subjected to petrographic or x-ray 

diffraction examination, or both; the remainder is analyzed by standard 

methods for its total silica content. From the data obtained the pei- 

centage of free silica can be quickly calculated. To adapt this method 

to special cases certain modifications are necessary, such as fusion with 

potassium pyrosulphate. 

Durkan tested his procedure against various sized fractions of 

quartz and against a series of silicate minerals commonly encoun¬ 

tered in dust problems. 

His method, in detail, is as follows: 

The sample weight should be chosen to yield an insoluble residue of 

less than 0.5 mg, often a 1 gm sample is most suitable. If little material 

is available, 0.1 gm or even less may be used. 

HC1 Digestion. Weigh out sample, ground to pass 200 mesh, and 

transfer to a 250 ml beaker. Add 10 ml of concentrated hydrochloric 

acid, cover, place on water bath and digest for an hour or longer. Stir 

occasionally to free particles adhering to beaker. Add 25 ml of water 

and boil for 2 or 3 minutes, stirring constantly to avoid bumping. 

Place beaker in an inclined position on top of another 250 ml beaker so 

that the residue will collect in corner and allow to stand, preferably 

overnight, until the residue has completely settled. Then carefully 

decant the supernatant liquid through a #42 Whatman paper without 

disturbing the sediment. 

H3PO4 Digestion. Pour 10 ml of phosphoric acid (85 per cent) over 

the residue and put beaker on an electric hot plate. It is desirable to 

begin the digestion with the plate cold. An asbestos board, He inch 

thick, should be placed beneath the beaker so that the heat will be 

absorbed slowly. Swirl beaker occasionally to mix acid and sediment 

and, if necessary, detach material from the bottom with a glass rod. 

110m time to time put a dry cover glass on beaker and observe whether 

a film of moisture collects on the lower surface. Note the time when 

the last trace of water has ceased condensing there; usually this point is 

quite definite and for the ordinary 660-watt hot plate occurs after about 

25 to 40 minutes of heating. Continue heating the beaker for an addi¬ 

tional 14 to 15 minutes; longer treatment should not be used because the 

silicic acid which separates will be made rather insoluble and the phos- 

P lone acid may attack the quartz or even the glass beaker. Remove 

leaker, cool and add 5 ml of concentrated hydrochloric acid and 20 ml 
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of water. Place on water hath and after 5 minutes add dropwise 5 ml 

of a 2 per cent solution of gelatin to precipitate colloidal silica and assist 

filtration. The ordinary household variety, such as Knox’s gelatin, is 

satisfactory. Digest for 15 minutes, filter through the same paper pre¬ 

viously used and wash 2 or 3 times with hot dilute hydrochloric acid 

(1:9). Return paper to beaker, add 5 ml of concentrated hydrochloric 

acid and 35 ml of water, shred paper and digest on bath for 30 minutes 

(or for several hours when there is much silicic acid) until paper is 

thoroughly disintegrated. This step is necessary because phosphoric 

acid, which is adsorbed by the paper and silicic acid, tends to “fire¬ 

proof” the residue and must be completely washed out. Again filter, 

first by decantation, and wash 5 or 6 times with hot dilute hydrochloric 

acid (1:9). Transfer paper to a weighted platinum crucible and smoke 

off in a muffle furnace at low temperature (about 500 to 550°C). If a 

flame must be used instead of a muffle furnace, avoid heating crucible 

more than a faint red. In case the residue is caked after burning off 

the paper, crush it to a powder with gentle pressure of a glass rod. 

Dilute HF Treatment. Put 50 ml of a 3.5 per cent boric acid solution1 

in a 250 ml beaker. Also, weigh into a platinum dish or crucible 2.3 gm 

(2.0 ml) of hydrofluoric acid (48 per cent) and add 6.0 ml of water.2 

Place crucible containing the residue in a shallow dish in which is some 

water so that the crucible will be about one-half submerged. The water 

is to absorb the small amount of heat liberated by the HF treatment 

and also to prevent damage if the acid should be spilled. Now pour the 

diluted hydrofluoric acid on the residue in the crucible and with a plati¬ 

num wire stir the mixture continuously. After the acid has been in 

contact with the residue exactly 30 seconds, empty the contents of 

crucible into the boric acid solution and quickly wash all dust particles 

into the beaker. Add 2 gm of ammonium chloride, stir until dissolved 

and filter through a #42 paper. The ammonium chloride is often of 

benefit in preventing fine particles from passing through the paper. 

Should this condition still occur, adding paper pulp and refiltering 

through the same paper will usually remedy the difficulty. Wash o or 

6 times with a cold 2 per cent ammonium chloride solution, allowing t ie 

funnel to drain each time, and a like number of times with a hot solu- 

i Prepared by dissolving 35 gm of H3B03 in a liter of hot water Cool 

before using. Filter if solution is not perfectly clear or if crystals have 

spHiinitcd from it on st£in(lin^. . * 
' ‘ In order to provide a large excess of hydrofluoric acid the quantity of 

acids and water should be increased 50 per cent when the appearanc^^ 

residue shows that considerable amorphous silica is present. In lhat ev™‘ 

use 3.45 gm (3.0 ml) of hydrofluoric acid, 9.0 ml of water, and ,5 ml of bone 

acid solution. 
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tion. Place paper and residue in crucible, smoke off paper, ignite for a 

few minutes at red heat and weigh. Record weight of insoluble residue. 

Analysis of Insoluble Residue. If the insoluble residue is not to be 

subjected to any accessory examination, such as petrographic or x-ray 

diffraction study or particle-size measurement, the next step is to deter¬ 

mine the weight of insoluble bases (equal to the weight of residue minus 

its total silica content). This may be accomplished either by evapora¬ 

tion with hydrofluoric acid or by fusion with sodium carbonate. The 

former procedure is much the shorter and can be used in neaily all cases. 

The fusion method should be employed if the residue is likely to contain 

an appreciable amount of silicates, such as sphene and zircon, which are 

very resistant to hydrofluoric acid and is also preferred when much cal¬ 

cium, sodium or potassium is present and no petrographic examination 

is made. These bases on evaporation with HF-H2SO^ form undecom- 

posable sulphates and thus lead to slightly erroneous results unless a 

correction is applied. 

The most bothersome interference in such analyses is from the 

silicate minerals. Talvitie (410) suggests dissolving the silicates 

in hot phosphoric acid, then diluting with water, filtering off the 

residue (free silica), and weighing. He points out that this 

method requires only the simplest of laboratory equipment for 

its execution. The detailed procedure is as follows: 

Grind the material to pass through a 200-mesh sieve, mix thoroughly, 

and weigh out 0.5 gram or less on a watch glass and transfer to a 250-ml 

Phillips beaker by means of a small camel’s hair brush. Add 25 ml of 

85% orthophosphoric acid and cover the beaker with a funnel. Place 

the beaker directly on the element of a Precision heater which has been 

allowed to preheat for 45 minutes, and begin timing with a stop watch. 

When boiling subsides, begin swirling the beaker for 3 seconds at 1 min¬ 

ute intervals in order to minimize superheating and to keep the sample 

distributed throughout the acid. At the end of 12 minutes remove the 

beaker from the heater and swirl for 1 minute to dissolve any gelatinous 

silica which may have deposited on the side of the beaker above the acid. 

Set the beaker on a cool surface and immediately but cautiously remove 

the funnel in such a way that adhering liquid runs down the side of the 

beaker. Allow to cool to room temperature and then wash down the 

sides of the beaker rapidly with 125 ml of hot (60° to 70°C) water and 

swirl vigorously until the sirupy phosphoric acid is completely dissolved 

Wash down the upper part of the beaker with 10 ml of fluoboric acid and 

svvirl to mix Then wash down the upper part of the beaker with 25 ml 

of water and allow to stand for 1 hour. Filter through a retentive paper 

into which has been introduced a small amount of a suspension of paper 
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pulp. Transfer the residue quantitatively to the filter with water and 

wash thoroughly first with cold and then with hot 1 to 9 hydrochloric 

acid, followed by one or two washings with water. 

Ignite the filter paper in a tared platinum crucible, first at low heat 

to char the paper, and finally at about 950°C. Cool the crucible in a 

desiccator and weigh. Moisten the residue with 1 to 1 sulfuric acid 

and add 5 ml or more of 48% hydrofluoric acid. Heat gently until the 

quartz appears completely dissolved, then increase the heat to volatilize 

the acids. Repeat the treatment of the residue with sulfuric and hydro¬ 

fluoric acids to ensure complete volatilization of the silica, then ignite 

at about 950°C for a few minutes, cool, and weigh. 

Petrographic Analysis of Fine Dusts. Knopf (261) in 1933 
applied petrography to the mineralogical analyses of air-borne 
dusts such as granite. He developed a combination of petro¬ 
graphic and chemical analyses, a scheme which subsequently was 
further elaborated by \\ illiams (444, 445), by Poster and Schienk 

(164, 165), and by Durkan (134, 135) in the United States and 

by others in Britain and in Germany. 
Petrography is the study of the mineralogical composition of 

rocks; it is based upon the systematic evaluation of certain 
physical properties of the various minerals including specific 
gravity, hardness, color, crystal structure, pleochroism, refrac¬ 
tion, birefringence, and optical character, including the optical 

sign, the value of the optic axial angle. These properties are 

given in convenient tables by Larsen and Berman (276). 
The minimum particle size which can be identified petro- 

graphically is a function of the birefringence of the mineral and 
the difference between the indices of refraction of the mineral and 
of the immersion oil. The closer these indices are to each 
other, the greater the difficulty. Hence, quartz with a value ol 
B = 0.009 requires particles very much larger in size than is the 

case with calcite (B = 0.172) or sericite (B = 0.042) to give ie 

^Orthoclase feldspar has approximately the same strength of 

birefringence (B = 0.008) and a refractive index also close to 
that of quartz (1.52 compared with 1.54). Hence, it is not easy 
to distinguish between these two minerals under the polaiizmg 

microscope unless they are present as fairly large Siain»- 
The practice and skill of the technician reduce very materia 

the size which is identifiable, but of even greater importance 
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an accurate history of the dust, the analysis of the parent mate¬ 

rial, its hardness, friability, and solubility. This is our analogy 
to the requirement of the x-ray expert in silicosis—-no diagnosis 

without a good working history of the patient and of his dust 

exposure. 
Immersion Method. Ross and Sehl (356) in 1935 suggested 

the use of this method for identifying fine quartz (or any other 

nonopaque mineral) by its optical behavior in an immersion 

medium having an index of refraction slightly different from 

the quartz; this is the so-called method of “central illumination.” 
The principle is described by Larsen (276) as follows: 

As the immersion method is ordinarily used, nearly all fragments are 
thinner on the edges than in the center, and if the fragments differ from 
the surrounding material in refractive index they will act as small imper¬ 
fect lenses toward a beam of nearly parallel light emerging from the 
condenser. If such a lenticular fragment has a higher index of refrac¬ 
tion than the embedding medium, it tends to focus the light above the 
plane, and if the microscope is first focused on the grain and then raised 
above focus the interior of the grain will appear more highly illuminated. 
As the microscope tube is raised higher above the focus, this highly 
illuminated area contracts and becomes brighter—a bright line (the 
Becke line) moves into the grain. If the tube is lowered below focus, 
the grain appears less highly illuminated than the rest of the field and 
a highly illuminated halo surrounds it. As the tube is lowered this halo 
moves out from the grain [Fig. 83]. 

If the grain has a lower index of refraction than the embedding 
medium, it will have a virtual focus below the plane, the phenomena are 
reversed, and the grain becomes centrally illuminated as the microscope 
tube is lowered below focus. 

Quartz has two indices of refraction, 1.544 and 1 553 Other 

minerals encountered in industrial dusts have higher and lower 
indices, some of which may be close to the values for quartz. If 
a small portion of dust is well dispersed in a medium with refrac¬ 

tive index -1.54 (such as fennel-seed oil) and examined micro- 

indexCw4l’ th?.;'"artZ pa,;ticles and °‘hers of higher refractive 
ex will exhdnt central illumination when the objective is 

centers I h ab°Ve ^ The remaind^ will have dark 

in a substance fSpersed 
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quartz will be included among the dark particles. Thus, if the 

proportion of bright and dark particles in each suspension is 

determined by the standard light-field low-power method of 

counting impinger dust samples (page 147), and if A and B are 

Fig. 83. Index of refraction, (a) Grains of quartz Q and feldspar F in focus in a 
1 540 liquid. (6) Quartz Q and feldspar F in 1.540 liquid with microscope tube 
raised slightly. The halo of light has moved in toward the grain in Q, indicating 
that its index is higher than that of the liquid, while in F the halo has moved away 
from the grain toward the liquid, showing the grain to have an index of refraction 
lower than that of the liquid. (After Williams, courtesy Industrial Hygiene 

Foundation of America.) 

the percentages of bright transparent particles in the lower and 

higher media, respectively, then 

Percentage number of quartz particles = A — B 

Objections to the immersion method are that it does not dis¬ 

tinguish between quartz and other minerals having approxi¬ 

mately the same index of refraction, such as certain minerals ot 

the feldspar group, and that it is of little or no value when dealing 

with particles below 2 g. These particles are seen under the 

light-field microscope only with the greatest difficulty, eten whcn 

the refractive index of the mounting medium is markedly differ- 

ent from that of the dust. 
X-ray Diffraction. If an x-ray beam is passed through a 

sample of dust, regardless of particle size gne of he beam . 

diffracted characteristically by crystalline - P^' cle 
.brine a series of lines on photographic film. Ihc position 01 

these lines and their densities can be used to estimate quant.ta- 
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lively the amount of each mineral present. Clark and Reynolds 

(74), followed by Ballard and others (22), studied the application 

of x-ray diffraction to the determination of quartz dusts in 

problems of industrial hygiene. 
Klug et al. (260) have applied the Geiger counter x-ray spectro¬ 

photometer to the analysis of powder mixtures. They find that 

the diffracted x-rays can thereby be measured with high accuracy 

and “without the uncertainties of photographic relationships 

between intensity and film blackening, film graininess, and micro¬ 

photometering techniques. . . . The procedure is essentially 

the internal standard technique of Clark and Reynolds modified 

for use with the recording Geiger counter spectrometer.” 

A sample of about 00 mg of dust is pressed into the cavity of an 

ordinary microscope drop slide by means of a cover slip, placed 

on the spectrometer, and its diffraction pattern scanned and 

recorded, from which a rough estimate of the per cent quartz can 

be made. The sample is then removed from the slide, mixed 

with a known amount of the reference standard, fine calcium 

fluoride, remounted on a drop slide, and the scanning repeated. 

From the ratio of the quartz and calcium fluoride lines, the 

quartz content can be determined from a curve on which ratios 

from known mixtures have been plotted. 

At present the method is reliable for determining quartz con¬ 

tent with an accuracy of about + 1 per cent of the amount present 

in samples containing less than 20 per cent quartz (259). Thus, 

a measured value of 10 per cent has a reliability of 9 to 11 per 

cent; at 2 per cent, the actual content is between 1 and 3 per cent. 

1 he equipment, as now used, is expensive, and the technique is 

not simple. As only substances with true crystal structure can 

be diffracted by the x-ray beam, the presence of amorphous silica 

such as opal, diatomaceous earth, or even vitreous silica cannot 
be detected. 

()f immense importance is the fact that this method is particu¬ 

larly applicable to the analysis of dusts of the smallest sizes. 

Differential Fusion. When samples of mineral dusts, as from 

rafters, are allowed to drop through a flame of controlled tem- 

perature, it, may be possible to fuse into tiny spheres the silicates 

w nle the free silica, as quartz, being more refractory is not fused. 

he amount of quartz is then gaged by counting the fused and 

unfused particles on the effluent caught by electric precipitator. 
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Salazar and Silverman (361) developed this method and showed 

on a number of mixed dusts that it could be applied within the 

range of particle size which covers most industrial-hygiene prob¬ 

lems. The setup needed is simple and inexpensive. 

Staining of Minerals. In some of our industrial-dust problems 

various clays play an important role. Usually they have associ¬ 

ated with them quartz and perhaps feldspars. The clays often 

take various stains, while quartz and feldspar do not. This 

subject is discussed in detail by Faust (148) who gives a very full 

bibliography and shows the application of the technique (an old 

one) in the identification of various mineral dusts. The method 

is adaptable to various problems of industrial hygiene, especially 

in control analyses where variations from day to day are not 

great. 



CHAPTER 12 

METHODS FOR THE CONTROL OF INDUSTRIAL 

DUST 

The prevention of dust-induced diseases in industry involves 

both engineering and medical procedures. Dustiness must be 

reduced below the maximum permissible level by suitable methods 

of dust control, and through medical supervision good health has 

to be maintained among workers. Fully effective dust suppres¬ 

sion is rarely obtained by the entirely independent functioning of 

engineering-control devices. These require in their use the 

cooperation of the workers and management alike, which is 

obtained only by continuing interest, supervision, inspection, and 

maintenance. Thus, a third part of the prevention program has 

to do with personnel management. Dust-control practices must 

become an established part of day-to-day plant operation. 

MEDICAL CONTROL 

Since we are concerned here primarily with the physical aspects 

of the industrial-dust problem, only brief consideration is given to 

the medical-control procedures. The engineer must have a good 

understanding of the objectives of the medical program and 

appreciate, as well, the ways in which it supplements his own 

contribution to the over-all prevention scheme. The criteria 

upon which the design of engineering-control measures are based 

come from medical findings, and proof of accomplishment 

resides, too, in the medical experience. The two phases of the 

program are not mutually independent but develop and proceed 
together. 

Woikeis in the dusty trades should be selected for maximum 

fitness, and periodic examinations are necessary to ensure that 

high 1 esistance against the dust is being maintained. The 

routine periodic examination makes possible the early discovery 

of tuberculosis or other respiratory impairment so that the worker 

can be removed from further exposure in time, perhaps, to pre- 

213 
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vent the development of complications due to the dust or before 

he becomes a dangerous source of infection to his fellow workers. 

Periodic examinations, when subjected to proper epidemiological 

analysis in relation to dust exposure, provide a measure of the 

efficacy of the dust-control program. In this connection we must 

comment upon the general lack of such epidemiological analysis 

of experience in silicosis prevention as a regular part of the 

medical programs in the dusty trades. We have in the United 

States no adequate reporting of silicosis incidence in relation to 

the conditions and magnitude of dust exposure, nor can we learn 

from the published reports how extensive has been the progress in 

the control of this industrial disease. It is the duty of industrial 

physicians and industrial hygienists to subject their findings to 

analysis and publish the results. 

ENVIRONMENTAL CONTROL 

Methods for the control of dust exposures can be divided into 

three groups: (1) procedures directed to the dust source which 

aim to stop the production of dangerous dust entirely or greatly 

reduce it in quantity, (2) methods designed to prevent the escape 

of dust into the atmosphere, (3) individual respiratory protection. 

The last is not a method of dust control since the dusty atmos¬ 

phere remains and protection disappears when the respiratory 

equipment is not in use. Obviously, the three methods of attack 

are recommended in the order given. In practice, dust control 

usually requires the use of more than one method. 
Dust Control at the Source. Changing the process from a 

dusty to a nondusty operation involves fundamental questions 

concerning the process itself and is limited m application. 1 he 

potential benefits are great, however, and in weighing e a \ an 

tages of one process over another, their 
characteristics should always be kept m mind 1 he rotary 

"drill, for example, is used as a too under 

certain mining conditions. Since it is nondusty in operation, 

change in process are given below. 
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Permanent molds are used to some degree in iron foundries, 

thereby eliminating sand, the important source of dust, from this 

traditionally dusty trade. This is also accomplished in the use 

of a plastic-sand mixture to form a thin-walled mold which is 

backed up in the flask by steel shot. We have seen no published 

reports on the associated dust problem, but it is certain that dust 

production is reduced, compared with ordinary foundry practice, 

not only in molding and shakeout operations but in the subse¬ 

quent cleaning processes as well. 

The lead hazard in the production of glazes has disappeared 

from potteries as a result of the common use today of dust-free 

frit. The use of coarse-grained lead silicate in place of dusty 

litharge has similarly removed the lead hazard from glass batch 

houses. Metal cleaning by suitable liquid chemicals eliminates 

the dust problem associated with abrasive blast operations. 

Washing the fines out of sand greatly reduces dust production in 

the subsequent handling of this material. Dipping cores instead 

of spraying them has done away with an important source of 

silica dust in foundries. Wet grinding of washed quartz sand in 

potteries eliminates the dust hazard from handling finely ground 
flint in the dry state. 

Hazard Control by Substitution. An outstanding example of 

hazard control by substitution is the modern use of synthetic 

grinding wheels (silicon carbide or aluminum oxide) in place of 

the natural grindstone. Chest x-ray changes have been reported 

among workers in abrasive-wheel manufacture (393), but there 

can be no doubt of the lessened hazard among grinders compared 

with the old days when “grinder’s rot” was prevalent. His¬ 

torically , metal grinding was one of the most important of the 

dusty trades and received much attention, as, for example, in 

oilman s extensive study of dust diseases just before 1910 (234). 

f * j tlme Slllca "as not recognized as the specific source of 
hazard; metal particles were thought to be the cause of lung 

damage, and the hygienic significance of the new wheel which 

came into general use about that same time went unnoticed.' 

Considering the great benefit from the introduction of the syn- 

teel'H is parad°xicai «■*“* - ««x pe taculai of the pneumoconioses, Shaver’s disease, only 

grindstone i/his autobiogr^hyV(300)a<!COU'lt ^ ^ passil's of the natural 
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recently came to light among workers engaged in the production 

of aluminum oxide abrasive irom bauxite (see page 50). 

Other substitutions, if not so far-reaching, have been of equal 

importance in certain industries. Ground flint as a bedding 

material in potteries has been replaced with nonsilica substitutes 

and, similarly, parting compounds in iron and steel foundries are 

now, for the most part, silica-free. Abrasive blasting of metal is 

one of the heaviest dust-producing operations, and without proper 

control it has been a serious hazard (312). Fortunately, 

abrasive blasting can be done within a ventilated enclosure and 

therefore without exposing the operator (196, 230). Natural 

sand has been extensively replaced as the abrasive by steel shot, 

thereby reducing the amount of dust produced and also its free 

silica content The potential dust hazard is lessened, but it is 

important to'note that it is not entirely eliminated. Abrasive 

cleaning of silica-coated castings in foundries gives rise to 

hazardous dust and makes it necessary to carry on all abrasive¬ 

blasting operations in the same kind of enclosure with equa 

amounts of ventilation, regardless of the kind of abrasive use 

(Fin 84). 
Control at Source by Wetting. The use of wet processes rs an 

old and well-known method of dust control. The effectiveness 

of control depends upon the completeness with which the dust is 

wetted r and it is also influenced by the manner of disposal of he 

dust-laden liquid. Wet methods are usually attractive from 

standpoint of cost and, when properly applied, give good results 

£ • szss i i-r 
that, initially, the dust par suspended in the air and 
escape immediate wetting; ey > _ “ ; efficiency of dust 

are carried out of the f' 11 ^ ^ \o he rate of air flow 

independent of water flow beyond a 
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certain minimum requirement but does vary with the amount of 

water in the drill hole. Thus, control is best when drilling down 

and decreases progressively as the direction of drilling changes, 

to a minimum with overhead drilling (61). 

Some air flow is said to be necessary for removal of drill cut¬ 

tings, but in the ordinary wet drill the quantity is fixed by miscel¬ 

laneous leakage rather than by deliberate design. Upon investi¬ 

gation, it has been found possible to reduce the air flowr through 

IZZn eqUiPme,lt "iU‘ (CWe. 

certain modifications in the tool (317, 193) and thus improve dust 

control, t hus, a special type of drill with a vented front head 

and other design features that minimize air leakage into the drill 

steel is required in the South African mines (317). Similarly 

New York 1327^ may be used in the State of 
York (32'), and in recognition of the fact that some dust 

es, apes even with the best wet drill, the New York code also 

spec'hes minimum rates of general ventilation to be used with 

< id s of different types and sizes in order to dilute the residual 
dust to an acceptable level. residual 
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With approved wet drills, maintained in good working condi¬ 

tion, and with adequate auxiliary dilution ventilation, under¬ 

ground drilling in hard silica-bearing rock can he carried on with 

dust concentrations kept below maximum permissible levels 

(208). The maintenance of adequate dilution ventilation is a 

continuing problem as mining or tunneling progresses. 

Additional Wet Mining Methods. The infusion of coal seams 

with water by prolonged injection under very high pressure 

reduces the dust production in coal cutting (364). Blasting 

gives rise to considerable quantities of fine dust, lhe piincipal 

reliance for control is upon general ventilation and upon a waiting 

period for the dust to settle out.1 Water sprays across the 

tunnel or drift help to confine the dust and gases in the heading 

(422), and general wetting down of rock surfaces minimizes 

redispersal of settled dust by the blast piessuic. 
An important source of dust in mining and tunnel construction 

is the so-called “mucking” operation when the broken rock or 

coal is loaded into cars for removal or is transferred to chutes by 

dragline conveyers or other mechanical means. Here chief 

reliance for dust control is on the generous use of water, but, 

again, efficiency is limited by incomplete wetting. As the rock 

is handled, new, unwetted surfaces are constantly being formed 

and the dry dust escapes. Continuous application oi watei to 

the muck pile is therefore necessary. 
These wet methods of mining are effective m reducing 

dustiness but rarely do they accomplish full control. Genera 

dilution ventilation is required to take care of the residual lust 

Moistened Flint in Potteries. The handling of ground flint n . 

drv state is a principal source of hazardous dust in potteries. 

The hazard is very greatly reduced, however, by moistening tin 

material te the extent of about 3 per cent at the sand mill before 

, . , with drv flint the dust concentrations duimg 

: Zlg JlvILjftetn storage bins rangel u P to «0 

particles per cubic foot and m 3 million 

million particles pei <u >i< ° the material is moist 
particles per cubic foot) - foin d uh» hem. ^ ^ ^ 

- -rd ti'-t , , „ in mines at the end of the day so that the 
hazardous gases are removed overnight. 
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reduced free silica in the air-borne dust. Thus, with moist 

Hint, the percentage of free silica in the fine fraction ol dust 
(<5 /i) in the charging room is reported to be only 5 per cent as 
compared with 25 to 70 per cent in the dust when dry flint is 
used. Hemeon (228) lists the following requirements for effec¬ 

tive control by moistening: 
1. The moisture (not less than 3 per cent) must be uniformly 

distributed throughout the material before shipment. 
2. Before car unloading, samples should be taken to determine 

percentage and uniformity of moisture content. 
3. To offset drying during transit, wet down the surface before 

unloading. 
4. Maintain high humidity in storage bins by means of water 

sprays to avoid later drying out. 
Wet Grinding. The fine dust from high-speed grinding and 

sawing is not adequately controlled by wet operation. Some of 

the dust escapes without wetting, but of greater importance, part 
of the dust-laden water is thrown off as fine droplets which 

evaporate before tailing to the floor, leaving dust particles in the 
air in a highly dispersed state. Even with the relatively slow- 

speed natural grindstone, wet operation fails to control the dust. 

1 his was demonstrated in Greenburg’s study of ax-grinding 

operations, one of the earliest quantitative investigations of 
industrial-dust problems in this country (454). Middleton (241) 
found little reduction in dust concentration with a wet method of 

turning up sandstone wheels as compared with the same opera¬ 
tions on dry stones. 

Wet Abrasive Blasting. The Hydroblast apparatus1 which 
employs a high-pressure water stream and sandblast for cleaning 

iron and steel castings provides a high degree of dust control. 

Not on]y is the dust on the castings removed in the water stream, 
but the air-borne dust concentration within the operating 
enclosure is also reduced as a result of the cleaning effect upon 

the considerable quantity of air which is induced into the high- 
velocity water jet. The action is one of cleaning by impinge- 

men (C hap. 1), combined with the rapid and effective wetting of 
the dirt and sand on the casting. 

Water Sprays. These are employed extensively in mines to 
suppress dust from blasting and to prevent the drift of dust-laden 

1 Hydroblast Corporation, Chicago. 
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air into other work areas. Since the ordinary water spray has 

no remarkable air-cleaning efficiency, the benefits, in respect to 

suppression of air-borne dust, come more from redirecting the 

dust-laden air away from workplaces than from actual dust 

removal. Nelson (324) has described an effective application of 

water sprays for dust control in an ore mill. The sprays are 

directed inward at the belt discharge from gyratory cone and 

roll crushers. Moistening of the crushed material improves con¬ 

ditions at subsequent points of operation, and locally dust sup¬ 

pression is said to occur by impingement air cleaning. Some 

benefit may come also from the prevention of outward leakage of 

dust-laden air at the crusher discharge which is accomplished by 

the inward air flow induced by the water sprays in the opening. 

Wetting Agents. Substances which increase the spread of 

water over dry surfaces are helpful in securing a high degree of 

wetting of bulk materials, thereby decreasing the quantity of 

water needed per unit of material. In foundries, accumulations 

of spilled materials are more completely wetted than by water 

alone. Wetting agents are useful in coal mining (422), although 

they cannot be expected to offset the limitations of control by 

wetting which are imposed by the constant formation of new, 

dry surfaces. 
Dust Control by Enclosure and Ventilation. Local exhaust 

ventilation is the most common method employed to prevent the 

escape of dust into surrounding work spaces. Its purpose is to 

control the movement of dust-laden air and cause it to flow into a 

suitably placed exhaust hood. In Chap. 1 it was shown that 

microscopic particles cannot be projected any significant distance 

through air by virtue of their own kinetic energy. n every 
instance, the fine dust is dispersed by air transport alone o 

prevent the escape of dust, therefore, it ,s necessary to stop al 

outward movement of dust-laden air into the work space. Dust 

is never controlled by extracting it from the or by changmg 

its direction of travel relative to air movement, on the other 

hand, notably dusty operations can be rendered essentolly dus^ 

less if outward air displacement is eliminated. 1 he po mt . 
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gently with little dust dispersion. The difference is mainly one 

of relative air displacement. 
The necessary quantity of air to be exhausted and the proper 

way to apply the ventilation depend upon the characteristics of 

air movement about the process: the volume rate of flow of dust¬ 

laden air away from the dust source and the pattern of displace¬ 
ment in respect to direction and velocity. Ventilation needs 

can be reduced by a direct attack upon the forces causing air 
displacement. The objective is to lessen the over-all rate of dis¬ 

placement or to reduce high air velocities in the more common 

situations where the distribution of air movement is uneven and 

highly directional in character. It has not been common prac¬ 

tice in the dusty trades, however, to study the causes of air dis¬ 
placement around dust-producing operations with a view to 

eliminating or reducing the quantity or violence of displacement. 

The designer of exhaust-ventilation systems, on the contrary, is 

usually confronted with conditions of dust dispersion already 

fixed by the process equipment. He has had to accept these 

conditions and apply exhaust ventilation as a secondary measure 
with little opportunity to alter the magnitude or pattern of air 

displacement or otherwise reduce the forces of dust dispersion. 
The starting point in dust control should be in the choice and 

design of the process equipment itself; here there is the greatest 

opportunity to minimize or even eliminate the forces of displace¬ 
ment oi <lust-laden air. 1 o some degree, such basic improve¬ 

ments can be made on equipment already installed, and these 
should certainly be carried out before the ventilation system is 

designed or installed. More systematic analysis of the forces 

causing the tioublesome air displacement than is now given to 
this fundamental aspect of the problem should result in higher 

dust-control efficiency, reduction in ventilation rates, and lower 
costs. As a basis for such analysis it will be helpful to review 
some of the important causes ol air displacement. 

Air Displacement in Solid-materials Handling. Crushing, 
screening, grinding, drying, and roasting of rock, ores, and other 

solid materials, the accompanying handling procedures (ele¬ 
vating, conveying, etc.) and the final storage, packaging, and 

loading for shipment are among the most common dust-producing 

operations. The user of such processed materials has similar 
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dust problems arising from unloading operations, storage, weigh¬ 

ing, mixing, and reprocessing procedures. 

A primary cause of air displacement, common to all these 

operations, is the air flow induced by the gravity fall of the mate¬ 

rial from one level to another, as, for example, at a belt-transfer 

point, through a screen, or into a storage bin. The character¬ 

istics of air flow so produced are therefore of fundamental impor¬ 

tance in the design of dust-control measures. 

A stream of free-falling material induces in its wake a sub¬ 

stantial flow of air as a result of the frictional drag imposed upon 

the air. At the end of its fall when the material comes suddenly 

to rest and is compacted again, the movement of the accompany¬ 

ing air is interrupted and it is forced to escape in a violent and 

chaotic manner. Fine dust particles are dislodged from the 

parent material and immediately dispersed in the air so displaced. 

The volume rate of air displacement depends upon the rate of 

material flow, the height of fall, and the size and shape of the 

falling objects. It is further dependent upon the degree of 

enclosure of the falling stream and upon the relative ease with 

which air can enter and leave the system. For a single stream 

of uniform particles falling freely in space, the forces at work can 

be described with some mathematical success. 1 his is done in 

Chap. 13 to provide a partial basis for estimating ventilation 

requirements. Our attention is directed here, however, to the 

opportunities for reducing the magnitude and violence of air 

displacement with a view to simplifying the dust-control prob¬ 

lem Since the processes and equipment concerned can be 

enclosed to a considerable degree, it is possible to control and 

direct the flow of induced air by suitable arrangements. Obvi¬ 

ously, the enclosure should be as complete as possible 

Air displacement by falling material increases with the heig 

of fall. The first step, therefore, is to reduce this to a minimum. 

\ series of interrupting steps in a high chute will decrease the 

fate of induced air flow by lowering the effective height of fall 

the*distance between stops. A so-called “stone ladder” does 

this in rock-crushing plants. Reduction in dustiness m the d 

charge of finely crushed materials onto a belt or screen can 
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is no outward escape of air and, hence, no dust dispersion. I he 
air pressure built up as the material drops in the chute is dissi¬ 
pated in a backward direction since air cannot lie forced through 

the compacted material in the hopper. In one large ore mill, such 
an arrangement eliminated the need for any exhaust ventilation 

whatever at belt-feed points (Fig. 85). A similar piactice tan 

be employed effectively in barrel filling. 1 he barrel is laised at 

the start so that the feed chute extends to the bottom of the 

container. As it fills, the barrel drops at a rate equal to the 

build-up of material and thus maintains a seal against the escape 

of air. 
Local points of high air pressure created by falling material 

within enclosed equipment can be relieved by providing a free air 

channel back to a zone of negative pressure in the system. To 

illustrate: The escape of dusty air through openings in a covered 

screw conveyer is due entirely to the air brought to it with the 
flowing material; the conveyer operation is not, itself, a significant 

cause of air displacement. A free air passageway from the point 

of feed back into the storage bin, say, from which the material 

discharges, will relieve the local air pressure and largely prevent 
outward air leakage from the conveyer. Moreover, there will be 

improvement at the discharge end of the conveyer as well, with 
the reduction in air flow which, otherwise, accompanies the 
material conveyed through it. 

Air displacement from falling material is frequently directional 

in character, resulting in high-velocity blasts of dust-laden air 
over limited areas with little or no outward flow in other direc¬ 

tions. To prevent the escape of this air through adjacent open¬ 

ings lequiies an opposing exhaust-ventilation rate which creates 
an inward velocity greater than the blast. Since, under these 

circumstances, air must also be drawn into the enclosure through 
other openings at the same high velocity, it is clear that the 
exhaust-ventilation rate may greatly exceed the minimum 

required to balance the air flow induced by the falling material. 

The obvious correction is to destroy the directional characteristic 
of displacement by changing the landing conditions of the falling 

material or to interrupt the high-velocity air currents by suitable 
baffles within the enclosure. 

The rate of air displacement by falling material varies with the 
resistance to entrance of air into the system. The quantity of air 
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(See opposite page for descriptive legend) 
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that is displaced can thus be reduced by restricting all openings 

to a minimum and otherwise increasing entrance resistance. 
Air Displacement in Hot Operations. The vertical air flow 

which is created around hot bodies is another important cause of 
air displacement and dust dispersion in a variety of industrial 
operations. An outstanding example is the hot-casting shakeout 

in foundries. Strong thermal pressure is also built up within 
enclosed equipment handling hot materials from driers and in the 

course of conveying and processing roasted ores. The convection 

currents may be advantageous in some cases. At the feed end of 
a glass tank, for example, the dust escaping from the falling 

material is rapidly swept upward by strong local convection so 

that the attendant generally is not subject to dust exposure. In 
confined space and within enclosures, on the other hand, the 

heat is a source of trouble owing to the outward air leakage 

caused by the thermal pressure. A sufficient exhaust-ventilation 

rate is required to create a negative pressure within the enclosure 
in excess of the thermal head, and this means that air must be 

drawn through all openings into the enclosure at the same high 

rate. Ventilation needs will be excessive because such inward 

air flow through openings below the heat source will be entirely 

wasted in the sense that no dust escapes at these points in any 
event. 

Since the heat is essential to the process, it generally cannot be 

Fig. 85. Feeding crushed material onto conveyer belt without free fall. 

(а) Chute 1 is balanced by weights 2 and spring 3, so adjusted that the chute 
discharge opening is over plate 4 and closed when the chute is empty. The 
deflection of the chute 1 due to accumulated ore opens the discharge end until 
equilibrium between the feed and discharge rates is established. 

(б) When feeder 1 begins to fill, the pressure of the feed on the diaphragm 2, 
which is of rubber, causes diaphragm 2 to give as indicated by the dotted lines’ 
As diaphragm 2 gives or stretches, it pushes attachment 3 out, forming an opening 
between the spout and gate 4, allowing the feed to run on to the conveyer without 
leaving an air gap which would create a cloud of dust about the conveyer. The 
greater the feed to the feeder, the greater is the movement of diaphragm 2 giving 
a larger opening to take care of the feed without leaving an air gap. As the feed 

remrnT’qthe pres^ure 0n. diaPhragm 2 decreases, causing the diaphragm 2 to 
hJ ltS T position, allowing counterweight attachment 3 to close the 

gap between the spout and gate 4, thus keeping the opening between the spout 
a d gate 4 to a minimum without allowing any air to leave feeder 1 

of dust aw thedir ? Variabl<T and,itS mT pu,pose is to Pr*vent the formation 
a r that wonl 1 dlSChar?? endl rePlacin8 large dust hoods and large volumes of 

; the dust formed in the «—»*•* 
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reduced in the interest of dust control.1 It is possible, however, 
to minimize ventilation requirements by careful attention to all 
openings into the enclosure and, in certain cases, by destroying 
the localized vertical convection currents directly over high- 
temperature areas, that is, by effecting maximum mixing of the 
heat throughout the ventilating air stream and thus reducing the 

magnitude of thermal pressure within the enclosure. 
Air Displacement by Process Equipment. Equipment with 

rapidly rotating parts may produce considerable air movement 
by fan action. An outstanding example is the hammer mill in 
which the so-called “windage” is said to aid in the mill perform¬ 
ance. We have found the air flow of sufficient magnitude to 
permit the construction of typical fan characteristic curves 
(pressure air-flow relationships) for different mill speeds. It will 

be profitable to study dusty operations involving high-speed 
rotating parts, with a view to minimizing the disturbing air cur¬ 
rents so produced. In one instance in our experience, an unsatis¬ 
factory situation was successfully controlled with only one- 
quarter of the old exhaust-ventilation rate after installing a 

baffle to shield the dust source from a nearby rotating part. 
There is often leakage of air around the shank of the chisel in a 

pneumatic stone-cutting tool, especially a worn tool, which 
causes considerable air movement in the immediate zone of dust 
production. In one instance, a leather disk hung on the shan ' 
interrupted the air blast and reduced the required exhaust- 
ventilation rate nearly 50 per cent. A totally unnecessary 
offender is the improperly directed discharge of exhaust air from 

pneumatic tools. Replacing worn and leaky pistons and va v 
and otherwise eliminating leaks in pneumatic equipment are 

important dust-control measures in the stonecuttmg mdus ry- 
Plant Layout and Operation. Dust-control needs are elated 

to plant layout, degree of crowding, extent of mechanization as 
compared with manual operation, and design of enclosureslai onn 
duZ processes. Effectiveness of exhaust ventilation depends 

upon the extent to which the operator must adjust the ventilating 

equipment to change in position as his work ]orderiy 
In respect to plant layout, the benefits derived fiom an cmk 

arrangement of equipment with ample work space ajoun 
operation, adequate aisles, and convenient means fo How ot 

i Allowing castings to cool before shaking out greatly reduces t e ve 

tion needs for dust control. 
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materials are obvious. Physical segregation of dusty from non- 

dusty operations is a basic means ol reducing the extent ol the 
dust hazard, the objective being to avoid all unnecessary dust 
exposure at operations which are not hazardous in themselves. 

In potteries, separation of raw-materials handling and mixing 
from subsequent manufacturing operations reduces the general 

plant contamination from these inherently dusty operations. 

The essentially dust-free coremaking operations in foundries are 
properly separated from the molding and shakeout floor and 

cleaning room to avoid unnecessary dust exposure of coremakers. 

Positively ventilated, dust-free rooms are provided in sand- 
pulverizing mills where the operators spend their time between 

routine mill inspections and other duties on the operating floor. 
With increasing mechanization of industry, many more oppor¬ 

tunities are presented for separating the workers in control rooms 

from the dusty operations which they supervise by means of 
gages and dials. Thus, the dust hazard is inherently lowered. 

Undue crowding of plant activities necessarily increases the 
dustiness potential. In foundries, for example, one finds an 

inverse relationship between the effectiveness of dust control and 

the magnitude of production per unit of building area and volume 

(225). With crowding and low roof height , general ventilation is 
made difficult. In the typical jobbing foundry, ample work and 

aisle space, good ceiling height, generous window area and roof 

ventilation, and orderly arrangement of operations and facilities 

for handling materials, storage, etc., are the principal require¬ 
ments on which to build an effective dust-control program. 

Mechanization of operations is obviously advantageous since 
it generally makes possible the application of enclosures and 
exhaust ventilation to well-defined dust sources in contrast to 

the scattered dust production associated with manual operations 

Advances in foundry mechanization and development of new 
equipment which especially lends itself to dust control have con¬ 

tributed strikingly to the improvement of this traditionally dusty 
trade (Fig. 80) so that, today, foundry dust exposures may be 

reduced to negligible levels (429). Mechanization also offers 

eTuiLTn’r ThtieS f',r :'edUCing the du^Producing potential of 
e juipment. I bus, continuous, automatic weighing of ..-round 

materials lessens the dust problem as compared with batch 
weighing because of the greatly reduced rate of material handling 

and consequent reduction in volume and violence of air displace- 
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meat. In one plant, enclosed automatic scales were effectively 

ventilated at no more than 100 cfm as compared with 1000 cfm on 

the batch-weighing equipment. On the other hand, mechaniza¬ 

tion may raise the dustiness potential of an operation1 as com¬ 

pared with handwork, and without proper attention to the 

greater dust-control needs, the hazard is markedly increased. 

The heaviest foundry dust exposures are found in mechanized 

Fir 80 Enclosed and ventilated shakeout machine with remote-control opera- 
don. 8 Note soundproof enclosure. (Courtesy American Brake Shoe Company.) 

plants where every advantage has been taken of the high produc¬ 

tion rate without giving comparable attention to the giea er 

dust-control needs. , 
Enclosures. The importance of effective enclosures arou 

dusty operations has been pointed out. Too often, bower er, 0 

enclosure is poorly designed and constructed and — ‘ 

SL-S5 “■ JXZZXZ-—- 
of high-speed pneumatic tools about 50 years ago. 
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are not repaired; gaskets and seals are destroyed. The result is a 

loss of effectiveness of enclosure and inadequate performance of 
the exhaust-ventilation system. In recognition of this expected 

deterioration, exhaust systems are frequently overdesigned. 

Clearly, this is not the proper solution, but, lather, the design of 

enclosures should provide for easy operation and maintenance. 

For example, instead of the numerous bolts on access doors, 
which are easily lost, and the use of lightweight and easily dis¬ 

torted cover plates, such closures should be constructed so that 

the easiest thing to do is to close them against a dependable seal. 
It is attention to such details of design and construction that 

makes the dust-control facility a part of the production equip¬ 

ment and, as a consequence, causes it to receive the same con¬ 

tinuing care and maintenance as the process itself. 
Housekeeping. Good housekeeping goes hand in hand with 

effective dust control. Although not very important, perhaps, as 

direct sources of air recontamination, spillage of materials, dirty 
aisles, haphazard storage of materials, and other evidence of poor 

housekeeping and management do contribute to plant dustiness. 
They show that there is only limited concern over the dust 

problem, and under such conditions, full use of the important 

dust-control measures will not be realized. Painting the inside 
of a foundry white and routine washing of windows do not, in 

themselves, reduce dustiness, but they have certainly changed 

the attitude of workers and management alike toward the 
foundry dust problem. The common statement of earlier years 
that a foundry is necessarily a dirty place no longer is true. 

Without minimizing the value of continued housekeeping, one 
must viev it, however, in the proper light. In some instances, 

perhaps, too much well-intentioned effort has been directed 
toward the effect rather than the cause of dust leakage. Vacuum 

cleaning of floors and removal of beam deposits, for example, are 
of little value, so long as the escape of dust from its source, which 
makes such cleaning necessary, goes unchecked. 

Personal Respiratory Protection. In concluding this general 

survey of measures for protection against dust hazards only 

passing reference is made to personal respiratory protective 

equipment Control of the dust hazard by this means is effec- 
lve, provided (I) the protective device is efficient, (2) it is worn 

at all times in the dusty atmosphere, and (3) it is kept in A1 con- 

ciition. The subject is treated fully in Chap 17 



CHAPTER 13 

DESIGN OF LOCAL EXHAUST SYSTEMS 

Local exhaust ventilation is the most widely used means of dust 
control. By this method, concentrated air flow is maintained 
from the immediate zone of dust production into a closely posi¬ 
tioned exhaust hood and, in this way, the dust-laden air is 
captured and drawn away before it escapes into the surrounding 
space. It is the usual practice to connect the hoods serving a 
number of dusty operations by a common system of ducts to a 

central exhaust fan and single point of discharge. The col¬ 
lected dust is conveyed pneumatically through the exhaust piping 
to the air-cleaning apparatus, and the air, freed of its dust load, 
is discharged to the outside or, under special circumstances, may 

be recirculated within the building. i 
In concept, the function of local exhaust ventilation is simple 

and, in application, successful performance has been obtained 
without resorting to elaborate design calculations. There are, 
nevertheless, certain underlying physical principles which may 
be usefully employed in the analysis of ventilation needs and in 
the design of exhaust systems. As pointed out in the previous 
chapter, an understanding and utilization of these physical 
principles can result in real improvement in the effectiveness o 

exhaust ventilation. 

exhaust-ventilation requirements 

The design of the exhaust hood or enclosure about the dusty 

Pr0<'e^fn t<^ivddeh detemii.e the effectiveness of dust eon- 
I’T fo these well-grounded physical and engineering princi- 

^Depending upon the nature of the dusty operation, the exhaust 
1 230 
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ventilation may be applied through an independent hood located 

close to the point of dust generation or through a more or less 
complete enclosure around the process. Obviously, the effec¬ 

tiveness of control for a given rate of ventilation will increase 

with the degree of enclosure, but this simply reflects the varying 

efficiency in the utilization of the air flow into the exhaust system 

and is not related to any differences in the fundamental forces 
of dust dispersion which determine the minimum ventilation 

needs. Thus there are two separate problems in hood design: 

(1) to identify and measure the forces causing dust dispersion 
and (2) to determine the quantity, velocity, and distribution of 

exhaust air flow required to overcome these forces. 
Exhaust-ventilation Rate in Relation to Dispersion Force. 

The dispersion of microscopic particles from a point of release 

was shown in Chap. 1 to be caused only by air movement. In 

Chap. 12 this fact was utilized to suggest various ways in which 
dispersion could be minimized, thus lowering the inherent dusti¬ 

ness of certain operations. In a few situations, it may be possible 

to stop all air movement and thus to eliminate the need for any 

exhaust ventilation, but generally this is not the case. Exhaust 
ventilation is applied to capture and remove the remaining 

stream of dust-laden air. The exhaust-ventilation rate and the 
required velocity and distribution of air movement into the 

exhaust hood are determined by the energy in the stream of dust¬ 
laden air, its velocity and direction and total flow rate. The 

lowest possible rate of exhaust ventilation must exceed the total 

rate of displacement of the dust-laden air. Higher ventilation 

rates are generally required in practice to allow for inefficient 
use of the exhaust flow or to create high capture velocities over 
limited areas. 

A variety of causes of air movement around dust-producing 
operations was pointed out in the previous chapter. Only two 

of these are clearly defined: air displacement by falling materials 

and the convection flow established around hot processes. A 

limited basis for estimating the rate of air displacement is devel¬ 
oped foi these two conditions in the following sections. 

Air Flow Induced by Falling Materials. Because of air resist¬ 
ance, the velocity_of a falling body is less than the theoretical 
value: Vth = \T2gh. At any point in its fall, the body will have 

lost energy to the air in an amount equal to the difference between 
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the theoretical and actual kinetic energies. For a continuous 

stream of falling particles, the power transferred to the surround¬ 

ing air at a given distance is proportional to the difference in 

squares of the theoretical and actual particle velocities: 

SLIP = 
W(Vth2 - TV) 

2g X 3600 X 33,000 

where IF = rate of material flow, lb min 

V,K = 00 VWh 
h = height of fall, ft 

Vp = actual particle velocity, fpm, at distance h 

This transferred energy causes air movement, a part being 

absorbed in creating turbulence while the remainder produces a 

net rate of air flow in the direction of tall. 
After falling particles reach their terminal velocity, the power 

relationship is a simple one; since TV « h and FpTs constant, then 

Vth2 - Vp2 = h - const 

and 
NSILP « W Ah 

In the earlier acceleration zone, however, the velocity changes 

with distance in a manner depending upon the nature of the 

motion. The particle velocity in relation to height of tall may 

be calculated by the stepwise procedure given in Chap. 1, am 

this is necessary when the size is below 2 to 3 mm. For coarser 

particles, however, the beginning fall in the laminar and inter¬ 

mediate zones may be disregarded and the particle velocity > 

adequately expressed by the single relationship for tu.bulei. 

motion: 

Vp! = I7( I - e~h'hl) 

For large particles the falling velocity does not depart greatly 

from the theoretical value over the distances ordinarily ei.coun- 

Vd ‘in TV^:SSie^= rTanl 

arMirroiTn Estimation ^of actual particle velocity will have com 

:r,tr cr s—r pc:- 
Jrorn thtfemng material by integrating the work represented by 
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the force of friction over the falling distance h. For a 1-lb ele 

ment in the column of falling material: 

hp/lb material 
6 

7rdaa 
Fr du 

Assuming u = \Z'2(/h and Uq — 0 to simplify the integration, and 

introducing the appropriate value of Fr for turbulent motion, 

integration gives 

hp/lb = 
kh% 

ad 

This must be multiplied by the total weight of material in the 

falling stream N which is also obtained by integration: 

— = kWh* 
u 

The product of these two equations, with the proper constants 

included, becomes 

SHP = 
2 X 10~1Wh2 

Zdin 

where d,„ is the particle size in inches and Z is the specific gravity 

of falling material. 

When particles are projected dynamically through the air, as 

from a grinding operation, some of the fine dust will be dispersed 

in the air stream which accompanies the stream of coarse par¬ 

ticles. For this situation, the turbulent velocity of coarse par¬ 

ticles at any distance h has the value 

Vp2 = V02e~h/h' 

where V 0 is the initial particle velocity and Vv is its velocity at 

distance h. As before, hi is the distance of fall under gravity 

to produce a theoretical velocity equal to Vt and the total 

energy transferred to the air up to distance h is proportional to 

F02 - Vp2 = F02(l - e~h/ht). The function (F02 - Vp2) may 

be substituted for (1 th~ — Vv2) in the air-displacement equation 

to give the rate of air flow induced by the projected particles. 

The power consumed in maintaining a free air stream is propor¬ 

tional to the product of the volume rate of flow Q and the square 

of air velocity Fa2. Where the stream is confined, as in a pipe 
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or ore chute, additional power is required to move the air against 
the resistance of the enclosure. The total power represented in 

the stream is 

AIIP = 

5.2 Q 
V 2 

(4000)2 8 
33,000 

where h, is the system resistance in inches water (entrance and 
discharge losses, wall resistance, etc.). Only a fraction ol the 
power transferred from the falling particles is available to produce 
net air movement in the direction of fall; the other and perhaps 
larger portion goes into the creation of air turbulence. Introduc¬ 
ing an efficiency factor to account for effective air movement, we 
may equate the two expressions for stream and ail hoi scpov ei. 

W(Vth2 - Tp2)" 
2(j X 3600 5.2 Q 

V 2 * a 

(4000)s 
+ hs = E 

This equation is not in useful form since both Q and Va are 

involved and no basis exists for estimating the value of E. One 
simplifying procedure is to assume a uniform air velocity over 
the entire air stream, the boundaries of which are taken as 
those of the particle stream or of the enclosing chute. 1 hen 
Va'2 = Q-/A- and, since hs = ksQ2, where k8 is the resistance 

coefficient of the enclosure, the equation becomes 

5.2QS (4000)2A 
■T ki = E 

H'(FV - v» ) 
2g X 3600 

A is the cross-sectional area of the stream of falling particles and 

A- is a resistance coefficient for air flow through a chute or other 
enclosure. This coefficient must be estimated from hud-flow 
considerations, recognising frictional and shock losses in the usual 

m"In"the foregoing development we have considered the power 

available from a single stream of falling particles or from multiple 

streams in which the particles are separated enoug o pro u 
no interference with each other in respect to their separate con¬ 

tributions to air flow. A single particle sire and e<,mi accetaa, 
• i f nii nnrticles were also assumed. Iu pu , 

Editions may be approached by the particles falling through a 
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vibrating screen, but at a belt-transfer point, in an ore chute 01 

other confined stream, neither assumption will usually hold and 

considerable departure from the suggested relationships between 

Q and h may be expected. Falling velocities in a compact stream 

are probably lower than in a free stream, but a significant portion 

of the energy lost from the stream will be absorbed by particles 

hitting each other and hitting the confining walls. Some of the 

small particles may fall in the wake of larger ones. Undoubtedly 

the efficiency factor E will vary considerably under these circum¬ 

stances, and even in a free-falling stream, it may be expected to 

change with height of fall since with increasing velocity there 

will be a proportionate increase in distance between particles 

and, as a consequence, less interference. 

In view of these assumptions and modifying conditions it is 

evident that a lot of uncertainty is contained in the efficiency 

factor E, which must therefore be determined experimentally 

under a variety of actual operating conditions before the power 

equation will have practical usefulness. A point to be noted in 

this connection, however, is that Q E':\ which means that a sub¬ 

stantial change in E causes relatively little change in Q. E must 

be reduced eightfold, for example, to decrease Q by one-half. 

Experimentally, Pring el al. (340) measured the air flow induced 

by falling water droplets. For 36, diameter droplet 

streams % in. on centers and arranged in a 4 by 9 rectangular 

pattern, they reported as much as 60 cfm of induced flow after 

falling 4 ft into a collecting tank below. The rate of water flow 

amounted to only 20 lb min. The data show that Q3 is roughly 

proportional to 11 /d, as predicted by the approximate equation 

above. Using a modification of Pring’s apparatus, Larsen 

(277) found that E varies with height of fall but is not materially 

affected by droplet size, as shown in Fig. 87. Owing to uncer¬ 

tainties in droplet diameter, in the degree of expansion of the 

stream with distance, and variation in the measured value of Q 
with change in area of opening in the receiving tank, the calcu¬ 

lated values of E are not highly dependable. The range in E 
from 3 to 35 per cent for distances of fall of 2 ft and 6 ft, respec- 

bvely, indicates that Q6ft is approximately double the value 

which would be expected relative to QUt if efficiency remained 

The data of Pring et al. (340) for 3fi droplet streams arranged 
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in different patterns from 2 by 18 to 6 by 6 suggest that efficiency 

is highest with thin ribbons of material. Similarly, four sepa¬ 

rated droplet streams each 2 by 2 in arrangement are more effi¬ 

cient than the same total number arranged in a single square 

4 by 4. These observations are consistent since the outer portion 

of the falling stream of particles would be expected to be the 

most effective in producing air flow. 

There are few measured rates of air displacement b> falling 

materials in actual industrial operations against which to com¬ 

pare experimental or calculated values. The first to be publisher 

was a study by Pring (341) who measured directly the rate of air 

flow by crushed ore falling from a 54-in. belt through screens and 

crushers into a surge bin and onto a belt 60 e 
maximum rate of material flow was 1700 tons/hr, and the 

tance of free fall was 26 ft for the four streams from 

undersize into the bin. Pring found that at least 20,000 c m 

exhaust ventilation from the surge bin was required to balance 

the inward air flow induced by the falling matenah^ ^out¬ 

standing example demonstrates the reality o 
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and its importance in the determination of exhaust-ventilation 

requirements. . , . >• 
Using the dilution technique for measuring rates ot an ais- 

placement, Hatch and Walpole (222), obtained the indicated air- 

flow rates for the operating conditions shown in tig. 88. 

Samples: Tests 3 8 4 

V 

Fig. 88. Rates of air displacement by falling material in crushing and screening 
operations. Test 1, 1810 cfm; test 2, 2750 cfm; test 3, 5000 cfm; test 4, 4000 cfm; 
sum of tests 1 and 2, 4560 cfm. {After Hatch and Walpole, courtesy Industrial 
Hygiene Foundation.) 

variation in Q with W, for crushed ore falling from one belt to 

another, is shown in Fig. 89 (223). By the same method, 

Chirico (73) determined the air induction created by crushed rock 

falling through chutes with various heights of fall. For coarse, 

medium, and fine aggregates, he obtained the results shown in 
Table 31. 

In comparison with the measured rates of air displacement by 

free-falling water droplets, the values in Table 31 are low, indi¬ 

cating that the restrictions to air flow imposed by enclosing 
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chutes, interruptions in material flow caused by changes in con¬ 
ditions of fall, etc., greatly influence the air movement. 

It is clear that, for the direct use of the air-displacement equa¬ 
tion in ventilation design, information from actual installations 
is needed concerning the efficiency of air induction under a wide 
variety of conditions of material fall. The equation does provide 
a limited basis for estimating the relative rates of air flow for 

r 1U. 0*7. lluvv —- 

flow. (After Walpole.) 

different rates of material flow, cross-sectional area of stream 
particle size and height of fall, but, of greater importance, it 
emphasizes the need for field measurements of air displacement 

for correlation with these factors. . . 
Convectional Air Flow over Hot Processes. Heat losses ft 

a hot body by convection (as distinguished from radiation loss) 
cause a vertical flow of air at a rate which depends upon He, t e 
convectional rate of heat flow, and upon the efficiency with which 
the air stream carries the heat away. The rising stream of 

heated air acts as a jet into"^tumin 
from the surrounding coolei zone. > f . 
the Stream decreases with 

IZTl'Z“ —t the square root of the 
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difference in the weights of the underlying heated air column 

and an equal column of surrounding cool air. the rate of aii 

flow which is established represents a balanced condition between 

the total heat flow Hc and the degree of mixing of cool air with 

the rising hot air. 

Table 31. Rates of Air Flow Induced by Crushed Rock Falling 

in Chutes 

Vertical fall, 
ft 

Material flow, 
tons/hr 

Aggregate 

size 

Air 
displacement, 

cfm 

(Q/W^hK) 

averages* 

30 40-50 Fine 480-780 5.7 

30 37-200 Fine 590-2570 6.9 

10 50-60 Coarse-medium 430-480 7.8 

12 120 Coarse-20 % 
Medium-80% 

640 7.8 

12 77-120 Coarse-medium 300-480 5.0 
12 160 Coarse-50 % 

Medium-30 % 
Fine-20% 

630 6.9 

12 160 Coarse-50 % 
Medium-30 % 

Fine-20% 

425 4.7 

Source: After Chirico. 
* W in pounds per minute, h in feet. 

Hemeon (229) has proposed the following basis for estimating 

the total air flow Q at any short distance above a hot process. 

The velocity in the stream has the value 

and 

V = 480 

Q = 480A 

where V is in feet per minute, A is the distance above the heat 

source, and Ts and I\ are the absolute temperatures of the 

heated air column (average) and of the surrounding air respec¬ 

tively. Q is the air flow at X and A the cross-sectional area of 

the nsmg stream. All the heat output per minute must be 

accounted for in the rising stream. Neglecting the small amount 
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transformed into kinetic energy of the moving air, the heat- 

balance equation is 

Hc = 0.24PsQ(T2 - TA) 

where ps is the density of the air at the distance X and 7’2 the 

stream temperature at this point. The temperature Ti will be 

higher than Ts. To simplify the solution, however, Hemeon 

assumes rJ\ = Ts, and in this way the two equations can be com¬ 

bined to eliminate Ts, giving 

and 

Q3 = 2.5 X 104 X HA2X 

Q = 29 HhAhX* 

The area A is assumed to be that of the hot body. 

Despite its limitations, this equation provides a basis, as a 

first approximation, for estimating the minimum ventilation rate 

which is required to capture the contaminated air rising from a 

hot process, provided the rate of convectional heat output is 

known or can be estimated by proper choice of convectional 

coefficients of heat transfer and measurements of surface tem¬ 

peratures. It applies, of course, only to a canopy-type hood a 

short distance overhead. When X is large compared with the 

dimensions of the hot body, the errors introduced by assuming 

7’., . Ts and the area of stream equal to the process area can no 

longer be ignored. The equation also neglects the additional air 

flow by induction into the rising stream. It does not allow for a 

possible beneficial chimney effect or for restriction to air flow 

which may be imposed by enclosing side walls, etc. Foi latcia 

or downdraft ventilation, a higher value of Q is required, since in 

addition to capturing all the air set in vertical motion by the 

heat there must be created a lateral or downdraft an veloci y 

great enough to offset the vertical velocity of the buoyant hot a 

and thus change its direction of travel toward theexhaust.hood. 

Ventilation Rate for Enclosed Hot Processes. he heated 

within an enclosure about a hot operation produces thermal 

pressure To prevent contaminated air from escaping >0US 

a 1 opening in the housing, the exhaust-ventilation rate must be 

great enough to create an entrance-pressure loss into the ensure fn excess of this thermal head. The situation involves a balance 

i .tween the heat output (the source of the an picssnu) . 
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rate of ventilation and resistance of the system. 4 he greater the 

rate of ventilation, the lower will be the thermal head (A/ ^ H/ Q), 
and the smaller and more resistant are the openings into the 

ventilated enclosure, the less is the exhaust flow required to offset 

the thermal head. 

t 

An example of the importance of thermal head is seen in flic 

exhaust-ventilation requirements over the electric furnace shown 

diagrammatically in Fig. 90. The mechanism for control of the 

electrodes extends through the exhaust hood, and openings must 

be left for this purpose. A rate of ventilation which is in excess 

of the convectional flow created by the hot furnace will success- 

iully capture the fumes as they rise from the furnace but will not 

necessarily neutralize the thermal head inside the hood As a 
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consequence, leakage may occur through the openings higher up 

in the hood walls. This leakage is eliminated when an entrance 

resistance (orifice) is installed at the hood face of such size in 

relation to Q that the entrance-pressure drop exceeds the thermal 

head: h( 1 — TA/TS), as indicated in the diagram. 

Another common example of the thermal head as a controlling 

factor in fixing the exhaust-ventilation requirement is seen in an 

elevator handling hot materials. Again, the thermal pressure 

must be offset by the pressure loss imposed on the entering air if 

leakage through openings in the upper part of the housing is to 

be avoided. To meet this requirement Q is determined, as 

before, by equating the air flow and temperature rise to the 

heat output. This leads to the following expression 

Q3 = 8700A2HX 

where A = total area of openings assumed to be sharp-edge 

orifices 

X = height of enclosure 

II = heat loss from hot material during passage through 

elevator 

Strictly speaking, the total area of openings should not be 

employed since, with exact balance, there will be no inward flow 

through openings in the upper part of the enclosure. 1 he error, 

however, is on the safe side. 
Ventilation of a sand-belt tunnel under a line of shakeout 

grates in a foundry represents another situation where the 

thermal head rather than rate of air displacement determines the 

ventilation requirement. The hot sand falling through the grate 

to the belt below may induce air with it, but this and ie 

surrounding air are immediately heated and rise through the grate 

at a substantial velocity. To illustrate: assume a drop of 

3 ft to the belt and a sand-air temperature of bOO . 1 hen, 

Thermal head = 3(1 - 53<Ko6o) = 1-5 ft air = 0.022 in. H,0 

Assuming an orifice loss of 2.78VP, a minimum downdraft venti¬ 

lation rate of 360 cfm per square foot ol grate area « ”c«lcd ‘ 
prevent the dust-laden hot air from escaping up through t 

grate This point is often overlooked in hot-tunnel venttlatio. 

^ a consequence of the inadequate ventilation provided below 

the grate ai extra demand is placed upon the exhaust, hood above 
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the floor to 
which is in 

capture the dust-laden air rising through the grate, 

addition to that set in vertical motion immediately 

around the hot casting. 
Measuring Air Displacement. In the absence of a physical 

basis for estimating the rate of air displacement, or in order to 
check ventilation calculations, a method is desired for directly 

measuring the rate of air flow around dusty processes. 1 ling 
(341) measured the rate of air flow induced by falling material by 

means of a fan and meter connected to the surge bin. the 
exhaust air-flow rate was noted when the velocity through other 

openings into the bin was reduced to zero, thus marking the 

balance point. Because of the complex nature of the air move¬ 
ment, however, it is generally not possible to employ ordinary 

velocity meters. Hatch and Walpole (222) suggested using the 

gas-dilution technique which is often employed to measure 

general ventilation rates in rooms and buildings. Carbon dioxide 

was used as the test gas because of its nonhazardous properties. 
Chirico (73) employed carbon monoxide which can now be used 

at safe levels with the sensitive and rapid methods of analysis 
that are available. 

By the dilution method, the test gas is fed at a known rate into 

the system, preferably at a major point of entrance of the induced- 
air stream. At a point where the air escapes, the concentration 

of the gas is measured. The rate of air flow in cubic feet per 
minute is given by 

cfm of test gas X 106 

gas concentration, ppm 

Care must be taken to ensure complete and uniform mixing of the 
test gas with the air stream. Proof of this is given when the 
concentration is the same at all air outlets. 

^ e have employed this method for measuring the rate of air 

flow through ball and hammer mills, size separators in pulverizing 
mills, chutes, elevators, enclosed screens, and storage bins and 
have traced the distribution of the air flow through chutes, screw 

conveyers, and other passageways connected to a common air¬ 
flow source in the system, such as a hammer mill. 

CAPTURE VELOCITIES 

It has been common practice to specify exhaust-ventilation 
requirements in terms of minimum control velocities. As we 
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have noted, however, the more basic requirement is expressed in 

terms of the volume rate of exhaust flow needed to capture the 

dust-laden air which is set in motion. Exhaust-ventilation rates 

so specified are applicable especially to the enclosed equipment 

used in solid-materials processing and handling, in which the 

induced air flow is well defined. For a canopy hood over a hot 

process, also, the total ventilation rate is the important factor, 

and the air velocity to be maintained at the face of the hood or in 

the zone below it has little meaning. There are two circum¬ 

stances, however, under which the control requirements aie best 

stated in terms of capture velocities rather than volume rate of 

exhaust: (1) when the air movement set up around the dusty 

process is directional in character and (2) when an independent 

exhaust hood is employed which is free to draw air more or less 

equally from all directions. In the first case, with the dispersing 

air movement concentrated in a directional stream, the counter 

exhaust air flow must be maintained at an equal or greater 

velocity (unless advantage can be taken of the directional charac¬ 

teristic in fixing the position of the exhaust hood), lhis means 

that the total exhaust rate will be high relative to the actual rate 

of air displacement since some of the exhaust ventilation will be 

wasted in drawing air from nondusty zones. In the second case, 

with an independent exhaust hood as, for example, wit a pneu 

matic hand chisel in a stone shed, the required rate oi exhaust 

ventilation will again he high compared with the air movement 

created around the process. Dust dispersion is not directions 

in this operation, but the dimensions of the operation aie sma 

relative to the total area from which the exhaust air is diaw 

(sec Fig 91). The exhaust ventilation is quite inefficient in the 

sense that only a small fraction of the (low is used to capture the 

dust laden air and this will vary with the distance from the too 

to the hood opening. It is clear that the rate of air displacement 

would have no meaning here, and the control requirement must 

be specified in terms of air velocity through the zone oi dus 

ge When°falling materials come to rest, there is sudden compactmg 

2 air' may^escapi■ capture unless the velocity o, counter 
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exhaust is greater in magnitude. Hemeon refers to this explosive 

air flow as “splash.” To prevent leakage from an enclosure by 

such directional flow, it is common practice to specify a minimum 

inward velocity through openings of 200 fpm. In general t is is 

sufficient. The calculated ventilation rate required to produce 

this inward velocity is not to be confused with the flow rate 

needed to offset the volume rate of air displacement within the 

^ Wasted ^ 

/ Air Flow \ 

Fig. 91. Illustrating low efficiency in utilization of exhaust-flow rate when dimen¬ 
sions of dust-release area are small compared with the zone over which air is 

exhausted. 

enclosure. Whichever rate is of greater magnitude controls in 

fixing the exhaust-ventilation rate. 

Hemeon (229) estimates the exhaust-ventilation rate to control 

splash in the following manner: Note the distance which the 

visible cloud of dusty air travels from the source to the point 

where its directional energy is dissipated in turbulence and the 

displaced air mixes with general room air. At this point an 

exhaust-air velocity should be created which is of greater magni¬ 

tude than the surrounding air currents. Thus, to overcome 

ordinary room air currents a counter velocity of at least 50 fpm is 

required, and a higher velocity is needed when greater than 

normal air movement is expected (see Fig. 92). Knowing the 

distance from the null point to the hood and the required velocity 

at this distance, it is a simple matter to calculate the rate of 

exhaust ventilation necessary to create the desired control 
velocity. 
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Fig. 92. Estimation of exhaust-ventilation requirement by Hemeon's method of 
noting limits of “splash.” Q must be sufficient to create the necessary control 
velocity at distance X, the maximum distance of visible dust cloud from hood. 

, AERODYNAMIC CHARACTERISTICS OF EXHAUST HOODS 

Air flow toward a point source of suction, like the discharge of 
luminous flux from a point source of light, is the same in all direc¬ 
tions, and the flow per unit area (velocity) varies inversely with 
the square of the distance from the source. Similarly, the flow 
toward a line source of infinite length is the same along all radii, 
and air velocity about the line varies inversely with distance. 
Toward a point source, the distribution of flow is spherical; 

around a line, it is cylindrical. The air flow into an actual 
exhaust hood differs from both of these theoretical conditions 
owing chiefly to two factors: (1) the suction opening is a finite 
area rather than a point or line; (2) the presence of the hood and 
exhaust pipe leading away from it and other obstructions prevent 
the establishment of a uniform flow gradient over the entiie 

sphere of influence. 
Velocity Contours. The flow characteristics of exhaust hoods 

are best shown by moans of velocity contours and streamlines (97). 

The distribution of flow into a plain duct end is compared in this 
way in Fig. 93 with the theoretical flow tow'ard a point source ot 
suction. Close to the suction opening the distribution of flow 
departs markedly from the theoretical, but as the distance from 
the hood increases, the flow characteristics of the round pipe 
approach the condition of uniform flow toward a point source, 
this results from the fact that the area of the sphere ot iiitliienie 

becomes great as compared with the area of suction opening; 
hence the latter acts, in effect, as a point source. As the area of 
the opening increases, the departure from the theoretical dis¬ 
tribution of flow becomes more marked and extends over a greater 
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distance, although the change is greatest in a direction at right 

angles to the axis of the hood (see Fig. 93). 4 he relative distribu¬ 
tion of flow does not change with the total rate of air flow (97); 
hence, the velocity at any point outside an exhaust hood varies 

directly with the rate of air flow into it; nor does it change with 
the area of the opening but varies only with its geometric shape. 

DallaValle’s contour charts for round, square, and rectangular 

openings are shown in Figs. 94 to 97. From these basic shapes 

- 8"diam. duct end 
-1b"dtarn, duct end 
- point source 

Fig. 93. Velocity contours compared for a point source and plain duct ends. 
Q = 800 cfm. 

it is possible quickly to construct the contours for any opening, 

since those for a large hood are given simply by the vectorial 

addition of the contours for a series of small hoods covering the 

same area (see IHig. 98). The reason for the fundamental 
similarity among the contours for differently shaped openings is 

that there is a tendency for all hoods, regardless of their shape, 
to draw air equally from all directions. It is not possible, there¬ 

fore, to influence materially the distribution of flow into a free 
opening by altering its shape. 

Flanged Hood. 1 he flow of air from the area immediately 
back of the hood is considerably reduced by locating a flange 

around the edge ot the hood. The contours for a flanged hood, 

which are compared with those of an unflanged hood in Fig. 99, 

are outwardly displaced in the zone about the center-line axis of 
the hood, but the effect is greater in the area at right angles to 
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Fig. 94. Velocity of contours and streamlines in a radial plan of a circular opening. 
Contours are expressed as percentages of the average velocity in the plane of the 
opening. (After DallaValle, courtesy American Society of Heating and V entilating 

Engineers.) 
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Fig. 96. Velocity contours and streamlines for a rectangular opening whose ratio 

of sides is 1:3—contours and streamlines in radial plane are prependicular to 

long side of opening. (After DallaVallc, courtesy American Society of Heating and 
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the axis. The effect of the flange is to reduce by about 30 per 
cent the total rate of air flow necessary to create a given air 

velocity in front of the hood. 
Center-line Velocity. About a theoretical point source of suc¬ 

tion, the air velocity would vary with distance according to the 
relationship Q (12.6x2) where x is the radial distance from the 

point source and Q the rate of air flow. For a line source in 

Square hoods 
edge to edge 

■ijLw 
,0 Con tours m per 

cent of ve/ocat 
_j 20 °Penin9 

Scale 

_I Oi-150 
| Percent vefoc. 

; of hoods->i af' 

l I-L. 
0123432.10 

Fig. 98. Construction ot the velocity contour., for a 
addition of the contours for the separate openings. (After DaUa\ 

J. Indust. Hyg.) 

space, v = Q/L A- 6.3.r, Q/L being the exhaust flow rate per foot 

°f DaUaValle found that the velocity outward along the center- 
line axis of round and rectangular exhaust openings varies in the 

following approximate manner with distance: 

V = 
_Q 
10a;2 + A 

It will be noted that V decreases less rapidly with * than m t e 
theoretical case and that the larger the opening, the less depen - 

ent is velocity upon distance. |hc ed of a 
For a long slot-type opening located, say, * with 
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outward and immediately over the tank the contours are pushed 

out- because of the obstruction to flow by the tank itself, and the 
air velocity toward the slot is found to decrease approximately 

with x* (50, 30). The effect is like that of a flanged hood. 

Brandt’s velocity contours for slot exhaust are shown in Fig- 100. 
The velocity of air flowing in through the open area under a 

Fig. 99. Relative position of contours for flanged and simple hoods 

hood suspended over a flat surface (Fig. 101) is given, according 
to DallaYalle, by the approximate equation 

r = °-71Q 
PD 

where V = velocity, fpm 

Q = rate of air flow into hood, cfm 
P = periphery of hood, ft 

D = free distance below hood, ft 

In general, to derive the velocity at any position outside an 

exhaust hood, one needs only to estimate the total surface area of 
the contour passing through this point and to compare this with 
the area of opening. The ratio 

Area oi hood opening 
-— _ __1_O w 1 AA 

Surface area of contour 
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gives the velocity in percentage of the average velocity at the 
face of the hood. From this it is possible to estimate the total 
rate of air flow necessary to create the desired velocity (95). 

Aerodynamic Efficiency of Unobstructed Hoods. From the 
contours shown in Figs. 94 to 97, it is evident that only a small 
fraction of the total air flow is drawn from the zone directly in 
front of the hood opening where the dust is usually released. 

a a /o /z /c /« 
/nc/ies out from s/of 

Fig. 100. Velocity contours outward from a line source of exhaust. 

Brandt, courtesy Healing, Piping Air Conditioning.) 

{After 

This means that the air flow into the exhaust opening is inefficient 

in the sense that only a small portion is used in doing useful work. 
A flanged hood is more efficient than a plain opening and an 
enclosing hood represents, of course, the ultimate in efficiency. 
Aerodynamic efficiency increases as the distance out to the point 
of dust release is decreased since, close to the hood the cent outs 
are relatively flat. Efficiency also increases when the shape and 

dimensions of the hood conform to the dimensions of the dust- 

relni:not possible to influence materially the distribution of flow 

into a free opening because of its tendency to draw equally fiom 
"n dirccUons. Attempts have been made to reinforce the flow 
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from the area of principal concern by means of a positive blast of 

air directed toward the hood across this area. Such combined 
systems of blowing and exhaust have not been generally success¬ 

ful, principally because of the danger from the scattering of dust¬ 

laden air when the positive blast strikes a solid surface and 

because, in fact, the saving in exhaust rate has not been marked. 

1* ig. 101. Approximate distribution of air velocity around a hood over a pickling 
tank. (After DallaValle, courtesy ./. Indust. Hyg.) 

A recent development of interest is the use of a series of high- 
velocity water jets directed across a foundry shakeout just above 

the casting and flask.1 these jet streams induce a substantial 
rate of air flow, which, together with the water droplets, is carried 

into a receiving hood on the opposite side. In this way, a con¬ 

centrated flow of air is established directly over the zone of dust 
release without wasting flow from other areas. In terms of 

aerodynamic efficiency the performance of such an arrangement 

represents an improvement over conventional lateral ventilation, 
which, without the assistance of partial enclosure, has not been 
geneially successfid on hot shakeout operations. This use of 

water jets may have other applications as a means of supporting 
exhaust ventilation or even replacing it. 

1 Hydroblast Corporation, Chicago. 
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Effective Control Distance of Exhaust Hoods. From a study 

of velocity-contour curves, one is immediately impressed with 
the limited distance over which unobstructed exhaust hoods are 
effective. The lowest useful control velocity for any operation 
is, say, 50 fpm, just above the normal room air movement. At 
the hood face the velocity is limited practically by pipe resistance 
and fan load to about 3000 fpm. Expressing the distance X out 
along the axis in terms of face dimensions of the hood, one notes 
that, for a round opening, the air velocity is reduced from 
F0 = 3000 to V = 50 fpm when X = 2D. When V = 200 fpm, 

a more common control velocity, the useful distance A is reduced 
to 1.2D. These calculations emphasize the necessity for locating 
an exhaust hood as close as possible to the dust source and 
demonstrate the practical impossibility of securing dependable 
control when working distance exceeds one to two hood diameters. 

EXHAUST-HOOD DESIGN 

A shaped exhaust hood, rather than a simple pipe end oi other 

plain opening, is employed for the collection of dust in an effort 
to secure maximum aerodynamic efficiency, i.e., in order to create 

the necessary air velocity over the area of dust production with 
the lowest possible total rate of air flow and minimum power 
consumption. It has been pointed out, however, that the dis¬ 

tribution of flow into unobstructed hoods is not varied greatly by- 
changing the shape of the opening; hence the efficiency of such 
hoods cannot be materially altered. It is necessary to enclose 
the process with suitable housing and baffles in order to guide 
air movement to any extent. No two processes are alike with 
respect to the amount of housing permitted, the closeness wit 

which the hood can be applied, etc. 
At one extreme we have enclosed equipment such as elevators 

conveyers, automatic weighing devices, storage bins, anc the 
which require no special hoods since the exhaust-ventilation pipe 

is conneetld direct to the enclosure. For such situations the 

principal design needs are (1) to establish the mniimum ventila¬ 
tion rate to overcome air displacement or to prevent the escaj 
of directional jets of dusty air, (2) to ensure free passageways for 

1 flow of air from all points of leakage into o° * 
exhaust outlet, and (3) to keep air velocities with,,, the 

at a minimum to avoid pickup of product. 
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The independent hood (Fig. 102), used with pneumat ic gianite- 

cutting tools, represents the other extreme, in which entire 
dependence must be placed upon the free air flow into an unob¬ 

structed suction opening for capturing the dust. In this case 
complete freedom of movement and a clear view ol the tool are 

demanded at all times; no restrictions are permitted. Most 

lio. 102. Independent exhaust hood for use with hand pneumatic granite-cutting 
tools. (Courtesy Manfred, Bowditch, Division of Occupational Hygiene, Massa¬ 
chusetts Department of Labor and Industries.) 

processes lie between the limits illustrated by these two examples, 

and each case requires careful study in order to secure the required 
efficiency of dust control with minimum power consumption. 

Determining the Required Rate of Exhaust Ventilation. 

Attempts have been made to standardize ventilation requirements 
tor various dusty processes in terms of minimum capture velocities 
or rates of exhaust flow related in some meaningful way to the 

dust-producing potential of the process. The earliest standards 
were formulated in terms of two factors: the diameter of the 

branch pipe connected to the hood and the static suction to be 
maintained in the branch. Static suction was commonly fixed 
at 2 in. water to produce a pipe velocity of 4000 fpm (since the 

entrance loss into the average hood is one velocity head) for 

successful pneumatic transport of the dust. The required rate 
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of ventilation for a given dust source was then established by 

specifying the pipe diameter at the hood throat. For well-defined 

operations such as those using stationary grinders and woodwork¬ 

ing machines, the dust-producing characteristics of which could 

be adequately described in terms of wheel diameter, machine 

size, etc., such standardized specifications were satisfactory and 

have given good results in practice. They have the advantage 

of simplicity and are easily checked in a finished installation. 

Difficulties arose, however, when these simple specifications were 

more generally applied. For example, the original limited pur¬ 

pose of static suction, as a means of fixing pipe velocity, was 

extended, and values higher than 2 in. water have been specified 

in the mistaken belief that suction itself had beneficial effect in 

dust control. Difficulties have arisen, too, in attempts to lelate 

the ventilation requirements to the size of certain pieces of equip¬ 

ment when, in fact, the rate or velocity of air displacement does 

not depend primarily on the machine size, for example, con¬ 

veyer-belt width and speed are related to rate of material flow, 

but the rate of air displacement created by material falling from 

a belt depends far more upon the height of fall and efficiency of 

air induction than upon the rate of material flow. A entilation 

requirements for an enclosed screen are primarily related to the 

amount of air brought to the screen with the material and to the 

conditions of material flow below the screen and depend to much 

less degree upon the screen size. 
In preceding sections we have outlined a more fundamental 

basis for determining ventilation requirements for certain types oi 

dust-producing operations. The developments are admittedly 

incomplete, and a host of operations are encountered in industry 

for which ventilation requirements can he determined only y 

experience, simply because the complex forces of dust dispelsioi 

cannot be adequately described in comparable physical teims^ 

For these, minimum capture velocities or exhaust-ventdatio 

rates must be established by experience, but when this is do 

they should be described in the most basic terms possible with 

proper recognition of modifying factors which increase or decease 

Ve?h“0pturo'velocities given in Table 32 (215) were suggested 
... , • when a detached hood is employed, Dalla 

Valle’s'ce'nter-lme velocity equation is applied to determine Q, 
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the exhaust-ventilation rate required to produce the desired 

velocity at the point of dust release. Hemeon’s method of 

determining the capture velocity and ventilation rate, based on 

the extreme distance of splash (page 245), is more generally 

applicable. 

Table 32. Air Velocities Recommended for Capture ok Dusts, Fumes, 

Vapors, and Gases Released in Certain 

Manufacturing Processes 

Conditions of generation 

of contaminant 

Minimum 

air velocity, 

fpm 

Process 

Released without noticeable air 

movement. 50 Evaporation of vapors 

Released with low air velocity... 100 200 Paint spraying in booth; 

Active generation. 200 500 

dumping dust into hopper 

Stonecutting, rotating 

Released with great force. 500-2000 

mixers; active barrel fill¬ 

ing; loading conveyers 

Grinding; heavy crushing 

Various state codes specify minimum ventilation requirements 

for a variety of standard operations such as those using grinding 

wheels, woodworking machinery, tumbling mills, and other 

foundry equipment and, in some cases, establish minimum cap¬ 

ture velocities for situations which cannot otherwise be specified. 

The most extensive list of code requirements and recommended 

practice values are those of the New York State Department of 

Labor. The American Conference of Governmental Industrial 

Hygienists has prepared a manual entitled Industrial Ventilation, 

a Manual of Recommended Practice (8) which contains an exten¬ 

sive list of recommended ventilation rates for dusty operations. 

Standard practices in hood design and selection of ventilation 

rates for a variety of foundry operations are outlined in a series of 

manuals published by American loundrymcn’s Association (9). 
Details of engineering design of exhaust hoods are developed by 

Alden (4), Brandt (49), DallaValle (92), and most recently by 

Hemeon (229), who considers in particular the physical basis for 

estimating the ventilation needs from analysis of operations. 

Experimental Determination of Q. A direct way to determine 

the required rate ot air flow is by performance measurements 
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under actual working conditions. The process is isolated from 

other dust sources so as to he free from dust contamination by 

them and is operated with experimental model hoods. The rate 

of ventilation is varied and correlated with the resulting dust 

concentration. From the curves thus obtained one determines 

the optimum hood design and minimum rate of air flow required 

to reduce the dust concentration to the permissible level. The 
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curves in Fig. 103 were obtained in such a study of hoods foi 

pneumatic granite-cutting tools (217) Dust 

Ventilation Requirements in Relation to Toxi • 
Since the function of exhaust ventilation is to remove dust-laden 

air rather than to capture the contaminant itself and remove it 

from the air it is evident that the basic requirements foi effe<tire 

ventiiathni are independent of the nature or toxic,ty oHhe eo. 

r^c—be—ined does not ^nter 
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must be kept below the tolerance level. Hence, with increasing 
toxicity, there must be comparably greater care in design, 1 is 
does not mean, necessarily, that the rate ol exhaust ventilation 
is increased. In fact, it is better to direct the greater attention 
to other details—characteristics of dust dispersion, air-flow pat¬ 
terns, quality and maintenance of enclosures, etc. 

It is of particular interest, in this connection, to contrast the 
ventilation needs for the control of silica-bearing dust with such 
toxic materials as beryllium or, more striking, the radioactive 
dusts or pathogenic organisms. For silica dust, the tolerance 
concentration is measured in millions of particles per cubic meter 
of air, whereas only a few radioactive or infectious particles in 
inspired air may be dangerous. In the first case, a substantial 
amount of contaminated air may be allowed to escape into the 
workroom, and the subsequent dilution reduces the concentra¬ 
tion to the tolerable level. For the highly toxic material, on the 
other hand, only a few particles can be permitted to escape and 
capture of the contaminated air must be complete. A limitation 
in effectiveness of control, in such a case, may be related to 
mechanisms of dust dispersion other than air currents, as, for 
example, mechanical transport on tools or the operator’s arms as 
they are moved in and out of the contaminated space. Further 
improvement in control does not come from increasing the 
ventilation but, rather, by changes in the method of operation so 
as to minimize opportunities for the mechanical transport of 
dust particles out of the contaminated space. Exhaust ventila¬ 
tion is a secondary measure of control of highly toxic particulate 
substances. 

Hood Design, Practical Considerations. Exhaust hoods are 
most readily applied to stationary tools and processes or to 
machines that permit the rigid attachment of the hood to the 
moving tool, thus keeping the distance from the hood to the tool 
and hence the air velocity at the point of dust generation con¬ 
stant. Certain dust-producing tools, for example, the pneu¬ 
matic hand tool in the granite industry, must be constantly 
moved about and do not permit the direct attachment of an 
exhaust hood. In such cases the hood has to be supported as an 
independent structure which can be readily adjusted to the point 
of opm-ation. Many processes require close attention on the 
part oT the operator; these do not permit the use of an enclosing 
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hood of any kind. In other eases it is frequently necessary to 

dismantle the machine or make adjustments or clean inside the 

apparatus. These are all important practical factors that must 

be considered in the design of the exhaust equipment, and they 

call for an intimate knowledge of the characteristics of operation 

of the process. It is essential that all supports, adjusting 

mechanism, etc., be simple and positive in operation if the 

operator is to give his full cooperation in operating the exhaust 

equipment at full efficiency. 

EXHAUST PIPING 

Function. The function of the exhaust piping is threefold: 

1. It serves to connect the several hoods to a common air¬ 

cleaning plant, fan, and point ol air discharge. 

2. By proper proportioning of pipe sizes, the correct rate of air 

flow is secured at each hood. 
3. With a sufficient air velocity in the exhaust pipes, the col¬ 

lected dust is transported pneumatically to the central air-clean¬ 

ing plant. 
It is the object of design—layout and selection of pipe sizes— 

to secure these results with minimum installation and main¬ 

tenance cost and with the least possible power consumption. 

Basic Equations. The required pipe size at any section in an 

exhaust system is determined by two basic equations: 

I. To ensure pneumatic transport of dust: 

where A = pipe area 
Q = rate of air flow 

yd = velocity required to transport dust 

II. To ensure proper distribution of air flow from the various 

hoods: 
kbQb- — km Qm“ 

i ; \ ir o rp nressure losses per unit rate of air flow in any 

b^nch line and in that part of the system which lies upstream 

of the branch, respectively. They may be termed coefficients f 

resistance. Q. and Q... arc the destred rates of an flow m 

^^XXa^^'tuati. II follows from 
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the fact that the pressure drop through any branch equals the 

loss through the upstream section of the system since they share a 

common negative pressure at the junction. Hence, 

hb = htn 

and from the general equation of flow h = kQ2, we obtain Equa¬ 

tion II. In a properly designed system the piping and other 

elements that contribute to the resistance of the system must be 

so proportioned that Qb and Qm correspond closely to the desired 

rates of flow, as determined by the various hood requirements, 

while, at the same time, pipe velocities do not fall below the 

necessary transport velocity. 

Selection of Pipe Sizes and System Layout. In practice, 

exhaust piping is generally not fabricated in diameter increments 

smaller than y2 in., so that the actual design rates of flow for the 

various hoods are rarely obtained. Equation I is used to deter¬ 

mine the pipe diameter to the nearest y in. Sometimes the area 

of the main pipe is increased by 20 per cent over the sum of the 

areas of upstream branches. This decreases the resistance in the 

main and helps somewhat in securing adequate flow from the 

remote hoods in the system but cannot compensate altogether 

for the greater resistance to air flow from the distant hoods com¬ 

pared to those which are close to the fan. 

In order further to ensure distribution of air flow in proportion 

to the hood requirements, the following steps are taken: 

1. So far as possible a symmetrical layout is employed so that 

the distances to the various exhaust hoods are not greatly 

different. 

2. Long runs of main pipe and, especially, small-diameter 

branch pipes, to connect one or two processes into an otherwise 

compact and symmetrical system, are avoided. In some 

instances, it has proved more economical to provide such remote 

equipment with separate unit dust collectors. 

3. When a long branch (of calculated small diameter) cannot 

be avoided, its diameter is deliberately increased. This will 

increase the flow through that branch compared with the design 

requirement, but generally this increased air flow and, more par¬ 

ticularly, the increase in power will be less than would otherwise 

be required. Without this compensation in size of the remote 

branch, the negative pressure in the whole system must be 
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lowered to ensure the proper branch flow. This means that 

every other hood will exhaust more than its required amount of 

air. The saving in power by such deliberate increase in ventila¬ 

tion rate through remote hoods may be of considerable magnitude. 

Regulating Flow by Adjustable Resistance. Adjustment of 

flow to give the desired distribution in relation to hood require¬ 

ments is commonly accomplished by means of adjustable blast 

gates mounted in each branch pipe. Those near the fan are 

throttled down to increase resistance, and in the remote branches 

they are left open. By trial adjustment the proper distribution 

is obtained and the gates are locked in place. 

The use of blast gates is objectionable and should he avoided by 

proper pipe design. In use they may get out of adjustment, and 

with abrasive dusts, they are subject to rapid wear. As the 

gates deteriorate, the air flow from remote hoods falls off until, 

finally, efficient dust control is lost and pneumatic transport 

velocities are not maintained. These are common causes of 

failure of dust control by exhaust ventilation which could be 

avoided by more careful attention to layout of equipment and 

better selection of pipe sizes (8, 4). 
Transporting Velocities. The minimum air velocity necessary 

to transport dust pneumatically varies with the size and specific 

gravity of the material and, to some extent, with the shape of the 

particles. To lift dust vertically the air velocity must exceed 

the terminal settling velocity of the particles (Chap. 1), and in a 

horizontal stream, the air drag on the particles must exceed the 

sliding friction against the pipe walls. DallaYalle (94) and 

others have determined minimum transport velocities for differ¬ 

ent materials and sizes of particles and have proposed empirical 

equations for determining design velocities. In practice, how¬ 

ever, the use of minimum velocities has given unsatisfactory 

results because of adhesiveness of the dust, condensation ol 

moisture in the pipes, and most often, because the proper dis¬ 

tribution of flow in the system was not obtained at the outse 01 

maintained in use. Higher design velocities are therefore used 

to provide a factor of safety against the consequences of impiopci 

pipe design. The values in Table 33 are representative of veloc¬ 

ities employed in common practice. For mineral and met* 

dusts, 4000 fpm is generally used in branches anc no css lan 

3000 fpm in the main. 
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Table 33. Aik Speeds Necessary for Conveying Various Materials 

Material Velocity, fpm 

Fine coal. 4000 
Brass turnings. 4000 

Wood chips. 3000 
Grain. 3000 

Jute. 2000 
Rubber. 2000 
Metal. 1800 
Sawdust. 1200 

Source: After Martin (293). 

Pressure Losses. The total resistance of an exhaust system 

equals the sum of the losses due to (1) entrance into the hood; 

(2) resistance of branches, including bends and entrance into 

main line; (3) resistance in main, including bends, transition 

pieces, etc.; (4) air-cleaning plant, including loss at entrance, 

resistance of cleaning element, and loss at discharge; (5) resistance 

in pipe leading from cleaning plant to exhaust fan; (6) resistance 

on discharge side of fan, including rain cap; (7) maximum velocity 

head in the system. Effective conversion of velocity head into 

static head by means of a discharge chimney, however, should 

be subtracted from the above total. Adequate provisions must 

be made for low-velocity entrance of air into the building to 

replace that removed by the exhaust system.1 

Hood Losses. 1 he energy lost at entrance into an exhaust 
hood is given by 

where h' = pressure loss in hood, in. of water 

hv = velocity head in branch, in. of water 

/ = coefficient of restriction of hood 

The static suction in the branch equals h' + hv. 
\ alues of / for various hood and transition shapes (51) are 

summarized in Fig. 104. The coefficient varies from 0.95 for a 

well-shaped mouthpiece down to 0.5 for an orifice-like entrance 

into an enclosure. For the average hood, / = 0.7. Expressed in 

terms of velocity head, the entrance loss varies from 0Ahv to 
3-0hv, with an average of 1.0/i„. 

1 In one instance, with a very large capacity system, we found the air 

entrance "f ,bUllding redllCed * in’ b6cause of inadequate provisions for entrance ot make-up air. 
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Loss in Pipe, Elbows, and Fittings. Pressure losses in branch 

and main pipes, elbows, junctions, and transition pieces aie 

readily determined from standard charts and tables given in 

engineering handbooks (292, 13, 8). Every effort should be made 

to keep pressure losses as low as possible through the use of large- 

radius elbows, streamlined junctions, and the avoidance of abrupt 

transition pieces. More important than the saving in power is 

the better distribution of air flow in relation to the various hood 

requirements. The greater resistance in the pipe lines from 

remote hoods cannot be avoided, but all unnecessary losses in fit¬ 

tings which contribute to poor distribution should be eliminated. 

Details of Design and Construction. The importance of layout 

to give maximum symmetry about the exhaust fan has been 

pointed out. It is necessary, too, to locate piping so as not to 

interfere with operation of cranes, trucks, and the like and to 

provide protection of the pipes against damage. Accessibility for 

inspection, cleaning, and repairs is of practical importance. 

Means for ready entrance into exhaust ducts to permit inspec¬ 

tion and removal of settled material should be provided in the 

form of cleanout openings. In many state codes, cleanouts are 

required at definite intervals; it is better, however, to locate them 

with respect to bends, junctions, dead-ends at the foot of vertical 

pipes, and other points where dust is most apt to settle rather 

than at arbitrary intervals. Chip traps in the branch pipe just 

beyond the hood are commonly employed in exhaust systems for 

stonecutting operations and the like. Large particles are thus 

removed from the air stream and do not remain to settle out at 

some point in the main line. Such traps are objectionable in that 

all collected material is not brought to one central disposal point 

and some fine dust escapes with the coarse particles when the 
traps are emptied. 

It is common practice today to use sheet iron of U.S. Standard 

xage No. 18 or lighter weight for the construction of exhaust 

pipe. Seams are riveted, and pipe joints are lapped and riveted. 

Straight seams should have rivets or spot welds on 234-in centers 

Riveted connections must be soldered to ensure tight joints 

The data m I able 34 give the common weights of metal used u, 

construction of exhaust ducts. Elbows and hoods are usually 

made two gages heavier than the pipe to which they are joined 

1 he use of light-gage piping has resulted, in many cases, in rlpid 
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wear, and the consequent high maintenance costs quickly destroy 

any advantage gained by low initial expense, particularly when 

highly abrasive dust is handled or when the pipe is not well pro¬ 

tected from external damage. Modern methods of rolling and 

welding make it possible to construct pipe and fittings for exhaust 

systems of 11 q in. or heavier black iron at reasonable cost. When 

provided with flanged and bolted joints, this pipe is readily 

erected and may be quickly taken down for repairs or changes. 

We installed such a system in a large granite-cutting establish¬ 

ment which has been in continuous service for more than 20 years. 

Table 34. Minimum Weight ok Metal and Number of Rivets in Joints 

of Exhaust Pipe 

Duct 
diameter, in. 

Gage of 
metal 

Number of rivets 
in lapped joints* 

4- 8 2G 4 

9-12 24 5 

13-18 22 0 

19-24 20 7 

25-30 18 8 

* Lap should be at least 1 in. in direction of air flow. 

LOW-VELOCITY SYSTEMS 

Many of the difficulties in design and operation of conventional 

exhaust systems arise from the need to maintain high air veloc¬ 

ities for conveying the collected dust. Poor distribution of flow 

with insufficient ventilation at remote hoods, rapid abrasion, and 

high maintenance costs result from the high velocity and pressure 

losses. Additions cannot be made to a well-balanced system 

without upsetting the distribution of air flow. Most disturbing 

is the fact that the air flow into each branch must be fixed m 

advance and cannot be changed after the system is installed. If 

it is reduced, the pipe velocity will be too low. Increasing t e 

branch pipe diameter to provide more ventilation will upset e 

flow from other hoods. As a consequence there is a tendency 

overdesign in respect to ventilation rates and pipe sizes. ' 

ventilation often results in loss of valuable product, rapid near 

nipinK and an excessive load on the air-cleaning equipment. 

These difficulties can be largely avoided, in 

by using a low-velocity exhaust system in which there 
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attempt to convey the dust. On the contrary, every effort is 

made to avoid lifting or transporting material. Accumulation 

of settled dust in pipes is prevented by keeping all lines 60 deg or 

more above horizontal or, where horizontal runs must be used, 

PLAN 

Fig. 105. Low-velocity exhaust system for 
tions. Minimum face velocity at hood, 
Ventilating.) 

porcelain cutting and shaping opera- 
1200 fpm. (Courtesy Heating and 

Jiy providing mechanical conveyers for the settled dust. With 

low p.pc velocities, pressure losses are negligible; the system of 

ducts then serves as a plenum chamber, and the air flow into it 

Hough any hood and branch is determined solely by the resist¬ 

ance imposed at that particular point. After installation, the 

ventilation lor any piece of equipment can be changed without 



268 INDUSTRIAL DUST 

disturbing the rest of the system, and within the limits of its 

total capacity, additional points of ventilation can he connected 

to the system. This method of ventilation is especially useful in 

sand-pulverizing mills, ore processing, and the like, where much 

enclosed equipment is used and the extraction of valuable product 

by the ventilating system is to be avoided. 

A simple low-velocity system is shown in Fig. 105 (214). A 

group of grinding and cutoff wheels are grouped around a central 

plenum chamber with hood connections to the chamber of gener¬ 

ous dimensions. No appreciable resistance is imposed so that a 

negative pressure of in. water in the chamber produces a 

greater flow per hood than does 2 in. of static suction through a 

conventional hood and branch pipe serving such equipment. 

The central plenum acts as a settling chamber for the removal of 

coarse dust, and a propeller fan and '^-hp motor provide the 

necessary air flow. In contrast, a 25-hp motor would be required 

to produce comparable air flow through a set of conventional 

hoods. 
A more elaborate system operating in the same plant1 is shown 

in Fig. 106. The plenum chamber, in this case, has a hopper 

bottom and mechanical conveyer for the continuous removal and 

return of the settled cuttings and dust to the process machines for 

reuse. 
In a crushing and ore-processing plant the enclosed equipment 

itself may serve as part of the ventilating system. Thus, an 

elevator housing may be used as a vertical duct, and a screw con¬ 

veyer equipped with an extra deep housing and tight cover can be 

employed as a horizontal air passageway. Chutes also serve as 

connecting lines. Where there is danger of blocking the free 

movement of air by the transfer of product from one piece of 

equipment to another, a “jumper” duct is installed to provide a 

bypass for the air. All ducts which must be installed are 

mounted at 60 deg or more above the horizontal so that settled 

dust will slide down. A kiln or similar equipment having its own 

separate ventilation must be sealed off from the exhaust system 

by means of a check valve or materials seal. A typical system is 

shown diagrammatical in Fig. 107. The dust collector and fan 

are connected only to the tight storage bin, which is maintaine 

x These installations were designed by Grover Lapp of the Lapp Insulator 

Company, LeRoy, N.\. 
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under a reduced pressure, and approximately the same negative 

pressure is secured at all other parts of the system by virtue of the 

tree air passageways which are provided through the equipment, 

jumpers, and ducts. 

A so-called circuit main of large dimensions with hopper bottom 

and mechanical conveyer for continuous removal of settled dust 

Fig. 107. Diagrammatic layout of grinding mill with low-velocity exhaust ventila¬ 
tion All equipment closed. Conveyers with extra freeboard above screw for 
air passageways. Air jumpers (> 00 deg) to provide free air flow from all 

parts of system to storage bin. 

may be employed when there are a number of scattered opera¬ 

tions to be ventilated. Such systems are used in large woodwork¬ 

ing shops. When certain machines are not in use, they are shut 

off from the ventilation system, thereby saving power and heat. 

These savings help to offset the cost of the installation. The 

main conveyer belt for processed material was enclosed in one 

large ore mill to serve as a central plenum chamber, and numerous 

magnetic separators and other pieces of equipment were success¬ 

fully ventilated with low-velocity vertical branches connecting 

at convenient points to this chamber. 
Although the low-velocity system of exhaust ventilation was 

introduced into this country from Germany nearly 40 years ago, 

it lias not been widely employed. The idea has much to recom- 
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mend it for application in establishments handling and processing 

solid materials. 
SOURCE OF SUCTION 

The resistance to air flow in dust-exhaust systems is generally 

higher than in systems of general ventilation, and consequently 

propeller-type fans or multiblade centrifugal fans which find wide 

use in general ventilation are not applicable to exhaust systems. 

The most widely used exhaust fan is the ordinary st raight-blade 

paddle-wheel type of centrifugal fan which is capable of operating 

efficiently and with safe speed against resistances up to 12 to 14 in. 

of water. 
Choice of Fan and Motor. The capacity of the exhaust fan is 

determined by the total rate of air flow and by the over-all resist¬ 

ance (pages 260 to 266). Fan manufacturers publish capacity 

tables which give for each fan the rate of air flow for various 

rotative speeds, different values of static pressure, and the proper 

size of motor required in each case. The most efficient point of 

operation is usually indicated for each speed, and one shoidd 

endeavor to select a fan that will operate close to its maximum 

efficiency. For steady operation and long life it is wise to keep 

the fan speed as low as possible. 

It is important in the selection of the fan and motor to estimate 

the static pressure correctly since there is danger of overloading 

the motor if the resistance of the system is lower than the esti¬ 

mated value. The danger can be overcome by installing a 

damper in the main line which is adjusted until the system 

attains its proper resistance; however, it is much better practice 

in such a case to reduce the fan speed until the proper flow is 

reached, since by so doing a considerable saving in power is 
gained. 

Fan Construction. Direct-connected fan and motor units 

mounted on a common base are desirable; there should be an 

intermediate bearing between the fan and the motor, and ball 

bearings are generally more suitable than common babbitt 

bearings because ol the greater ease in maintaining adequate 
lubrication. 

The handling of inflammable vapors and explosive dusts in 

steel or cast-iron fans is dangerous owing to the possibility of 

ignition by a spark engendered by a piece of metal striking the 

fan blades. It is best to use a bronze or other nonferrous metal 
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wheel, and the whole apparatus should be efficiently grounded to 

prevent the development of high electrostatic charges. Over¬ 

heated bearings and sparks from the motor are also dangerous 

and must be avoided by keeping the motor and bearings outside 

the dust-conveying pipe (321). 

Special attention must be given to the design and construction 

of the exhaust fan when the collected material is carried through 

it. Cotton fibers, shavings, and the like require ample clearance 

and correct design to prevent clogging, and fan manufacturers 

provide special fans for this purpose. For protection against 

abrasive dusts, special alloy steel with high resistance against 

wear is employed and the interior of the fan housing as well as the 

contours of the rotating element are designed to eliminate sharp 

corners and provide easy turns along the path of the dust. Fan 

blades are welded to the spider since rivet heads are quickly 

worn off. In our experience, however, no great protection is 

secured against abrasion by these measures. The abrasion con¬ 

tinues, although the rate is slower. 

Fan Location. All these precautions become less important 

when the fan is located downstream with respect to the an- 

cleaning plant, since in this location it handles only clean aii. 

Good engineering design demands the added safeguard against 

deterioration of the system which this measure pi o\ ides. It 

must be emphasized, however, that removal of the coarse particles 

only, such as occurs in a cyclone or similar type of primary 

separator, does not give highly effective protection, even though 

the quantity removed may be as much as 70 to 80 per cent of the 

total dust load. This is owing to the fact that the rate ol abra¬ 

sion is a function of the surface area per unit mass of dust and 

therefore increases with decreasing size. The 20 to 30 per cent 

of fine material which escapes from the cyclone and passes 

through the fan possesses a greater surface area per unit weight 

than the coarse fraction and will therefore produce relatively 

greater wear. 



CHAPTER 14 

AIR CLEANING 

The terms in common use in air cleaning and their definition 

include the following: Dust loading is the concentration of dust in 

the air entering the cleaner. It is measured in metric units as 

grams or milligrams per cubic meter or in English units as grains 

per cubic foot or per 1000 cu ft. The cleaning efficiency or 

arrestance is given in per cent and is 

effluent concentration 

inlet concentration 

The per cent penetration, a useful term in rating high-efficiency 

filters, is 100 — E. The filtration rate is the volume of air per 

minute passing through a unit area of the filter. The filtration 

velocity is the rate at which the air travels through the filter, 

computed at the face. Resistance is the loss of head at a specified 

filtration rate and is given usually in inches, water gage. Poros¬ 

ity is the fraction of voids cqjpputed as volume of empty space 

divided by total volume (voids plus solids). 

TEST SUSPENSIONS 

The development and maintenance of constant sources of 

dust- or fume-laden air in the form of reasonably stable suspen- 

smns provide an essential tool for the study of many dust prob¬ 

lems. In most cases the object is to produce in the laboratorv a 
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wearisome to remove the large particles, either by settlement in 

water or by elutriation in air. If one desires the dusts in kilogram 

lots, the removal of large particles is out of the question, and one 

must use the 325-mesh dusts. 

As noted elsewhere (page 24) dry drilling of rock produces 

nicely dispersed clouds. Small pneumatic hand tools, as used on 

granite and marble, will serve very well on a laboratory scale and 
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Fig. 108. Concentrations of calcite dust in air with constant dust feed. (Courtesy 

Page.) 

only require about 10 to 15 cu ft of free air per minute, supplied 

at 60 lb pressure, while a small jackhammer, as used in road work, 

requires about 30 cu it. • , • 
An easy way to produce dust clouds of constant particle size 

and concentration is one by which dust is picked up at a uniform 

rate and blown into a settling chamber to remove aggregates and 

large particles; the air with its remaining tine dust is then led to 

the filter or other apparatus under test. If the test dust is cheap, 

it is best to be lavish with the proportion that is allowed to settle 

out and also with the amount that is wasted by passing up the 

stack. If the material is expensive, common sense requires 

appropriate modifications to avoid waste. , , 
fn Fig 108 is shown a curve for a calcite dust cloud made by 

continuously feeding dried 325-mesh dust into a 1200-cu ft dust 

cabinet, /xcess air, from the dust feeder, passed through a 

liber and up the vent stack. Two ordinary desk fans, 10-in. 

He were set to oscillate, and kept the air stirred but not m 

violent motion. 
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For testing dust respirators at concentrations of about 1 to 

5 mg/cu m, C. E. Brown (309), while at the U.S. Bureau of 

Mines, developed (about 1933) a continuous dust feed and blower 

arrangement which was subsequently improved by A. D. Brandt 

and further improved by Wright (456) to give a more compact 

device. It is illustrated schematically in Fig. 109. Obviously 

the mechanical features are susceptible to many modifications, 

but the basic ideas are sound and the method still is in use today! 

1 he U.S. Bureau ol Mines tests respirators intended for protec¬ 

tion against various mists by atomizing the aqueous suspension 

into a test chamber. Such atomization can be done conven¬ 

iently with an ejector such as that often used in air sampling bv 
impmger. J 

First Silverman et al. (153) went a step further and dissolved 

the test substance, such as CuSO„ in water which was sprayed 
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at constant rate through a droplet eliminator and then passed 

through a heater which fused the CuS(>4 crystals into tiny 

spheres of controllable size. By means of liquid suspensions 

and emulsions, preferably aqueous, one can thus use soluble 

chemicals, such as copper salts, which can be determined easily by 

microchemical or by staining technics. 

Hatch and Kindsvatter (219) (see page 83) obtained good 

dispersions, at concentrations of 35 mg/cu m and an average 

particle size of 0.18 /x. They allowed acjueous suspensions of # 

quartz dust to settle for 24 hr and then took off the top centimeter 

of supernatant liquid. This was concentrated, by centrifuging, 

to 5 mg/cc and then passed through an impinger apparatus. The 

effluent stream was dried and led to their animal inhalation 

chamber. 
We have done filter testing with dusts of plant pollens, various 

minerals, glass spheres (now obtainable commercially in micron 

sizes), and with metallurgical fumes of lead (from tetraethyllead), 

zinc oxide, magnesium oxide, aluminum oxide, and ferric oxide. 

Carbonaceous smokes, commercial blacks of various kinds, and 

soft-coal dust have been used for this work but are very hard to 

disperse. All the really black carbons dirty up everything to such 

a degree that one usually finds it wise to shift to something 

which can be more easily cleaned off. Tobacco smoke is the 

least messy of the lot, but even that leaves a nasty odor which is 

removed only with organic solvents. There is no need in com¬ 

mercial work to resort to the toxic smokes against which modern 

war masks must protect. The methylene blue and dioctyl phtha- 

late smokes, suitable for mask testing, are convenient, easy to 

handle, and applicable to testing high-effic.ency filters^ Atte¬ 

nuate descriptions of methods used appear in the chapter by 

Gucker et al. in Johnstone’s Handbook on Aerosols (245). 

It is extremely difficult to simulate, on a laboratory scale, the 

heterogeneous suspensions one finds in the breeching of a power 

nlant burning coal. It is likewise difficult to duplicate in the 

laboratory the dust conditions one finds in the exhaust from a 

bad mistakes in selecting equipment. 
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DISCHARGE STACKS 

The simplest way to dispose of the dusty air from an isolated 

plant is through a long pipe, usually a high stack, which carries 

the dust-laden air to a remote point of discharge. Obvious y 

the height of the stack may be very critical, and if it is too low 

the discharge can recontaminate the plant. From sites in 01 

Fig. 110. Unstable atmosphere. Note the rapid dilution of the effluent. (After 
Eisenbud arid Harris, courtesy Arch. Ind. Hyg. and Occupational Med.) 

near residential districts it is likely that the cleanliness of the 

stack gases will be subject to fairly exacting ordinances with 

penalties for infraction. 

For handling gas waste, stack heights in the smelting industry 

gradually have been increasing until there are several now over 

GOO ft, while 500 ft is fairly common (Hill, 304). In power plants 

sta( k height larely exceeds 2o0 ft. For venting dusty processes, 

without dust collectors, stacks are anywhere from 50 ft and over. 

There is no reason why vent stacks from dust collectors should 

be much above roof height. In Figs. 110 and 111 are shown 

smoke drift in a gusty unstable atmosphere and in stable (inver¬ 

sion) conditions. These are taken from work, cited by Eisenbud 
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and Harris (137), to determine optimum stack heights for various 

Atomic Energy Commission plants. 

Meteorological conditions play a very important part in the 

selection of sites for new plants with a potential pollution prob¬ 

lem. A good example is the Trail, B.C., smelter (10G) at which 

O. 111. Stable atmosphere (inversion). 

rch. Ind. Hyg. and Occupational Med.) 

(After Eisenbud and Harris, courtesy 

good practice permits the emission of effluents containing a cer¬ 

tain percentage of SO, gas, with entrained solids, under con 

lions such as those depicted in Fig. 110. If c' of 
those in Fig. Ill, then less pollution is permitted Operations 

Ms ki d are practicable only with very high stacks such as 500 ft 

lr more Definitely they are not to he recommended in plants 

WiSu«TnS(408k)Sderived an equation for the theoretical concentra- 
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tion, at ground level, of a stack gas at a given distance downwind 

of the stack. 

Y _ 2 X 10,jQ e-h*/cz*xu-*) 
7T CyCtuxV-*' 

where = concentration at ground level, mg/cu m 

Q = rate of emission from stack, g/sec 

h = stack height, m 

x = distance from stack, m 

n = turbulence parameter 

Cy, Cz = diffusion coefficients 

u = wind velocity, m/sec 

This equation, intended by Sutton for gases, has been found by 

Baron et al. (26) to be reliable for aerosols of fine particle size. 

distance (meters) 10000 

V12’ paLCulated concentration downwind from stack 
accordmg to Sutton’s equation. Q = l g/sec. u _ > , 
and Harris; courtesy Arch. Ind. Hyg. and Occupational Med. 

various heights 
{After Eisenbud 

Using Sutton’s values for C, and C, and calling „ = 0 95 

of To 25 and “"“'^rations downwind of stafks 

limitations of height are obvious * advantages 
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Isolated plants, in which stack venting has been substituted 

for dust collectors, often find residential areas gradually closing 

in on them; then complaints occur, ill will is stirred up, and 

the plant is forced to install collectors, often rather expensively, 

whether they are needed or not. On technical grounds there 

may be no justification for the dust collectors, but in retrospect, 

the plant would have saved money by installing them in the 

beginning. 

FACTORS AFFECTING CHOICE OF EQUIPMENT 

The choice of equipment used in various dust-collecting and 

air-cleaning jobs depends upon (1) the dust loading, (2) the 

nature of the material to be collected, and (3) the cleaning effi¬ 

ciency required. 
Dust Loading. Loadings vary from about 1 grain per 1000 

cu ft (2.3 mg/cu m) in ordinary city air to 50 grains/cu ft in 

exhausts from rock crushers. In pneumatic conveyers, as of 

powdered coal, loadings are even higher and commonly are 

measured in ounces per cubic foot.1 . 
Dust collected by air-conditioning filters, as in the air supply o 

a large theater, amounts to pounds per month. Dust caught on 

cloth screens or bags in a crusher house can amount to 0.1 to 1 per 

cent of the rock handled and is weighed in tons per day. In a 

modern power plant, burning powdered coal, collections exceed 

10 to 15 tons a clay. This spread in loadings reflects present-day 

operations and gives a variation of about a milhonfold. 

"Material Collected. Particle size of the dust to be handled 

varies from the submicroscopic to pieces K m* and llUg( 1'. 
percentage of fines in any given dust sample has a great bearing o 

the selection of the collector. In dust from rock crushing o 

I Hin.r the bulk of the weight is contributed by particles ove 
10 a fn st while the vast majority of the umber of particles 

lie below 2 to 5 a- Table 35 gives a typical screen analysis c 

rock“dust^produced by pneumatic rock drills, ^ ^ 
The size distribution of air-borne foundry dust, l able 36, is 

Sell of the size relationships we find in the great majority of 

. wc doubt that many 
ounces (avoirdupois) butthe grain ancan be made from 
English-speaking countries. A c 
the fact that 1 oz/cu ft equals 1 g/hter. 
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industrial-dust problems. Ninety per cent by weight consists of 

particles larger than 2 n, whereas about the same percentage of 

the number comprises particles below this size. 

Cleaning Efficiency. The efficiency required, as measured in 

the effluent air, is usually fixed by the nature of the material to 

Table 35. Approximate Screen Analysis of Dust Collected from 

Pneumatic Rock Drills 

Mesh size 
Percentage by 

weight passing 
Mesh size 

Percentage by 

weight passing 

20 97.3 120 62.5 
40 91.3 150 57.8 
60 77.6 200 47.3 
80 74.5 325 36.2 

100 63.8 

be collected. Often it is clearly defined in professional codes or 

in governmental regulations. 

Stack effluents from reactor units of atomic-energy plants—and 

presumably from stationary atomic-power plants of the future- 

require the highest cleaning efficiency we can devise; the loading 

is very low, the dust is valueless, but it is so toxic that recircula¬ 

tion of the cleaned air is out of the question. It is too risky. 

Table 36. Particle Size of Dust from General Foundry Air 

Size, n 
Percentage distribution 

By weight By number 

<2 5.8 89.4 
2-5 7.7 7.8 
5-10 13.5 1.7 

10-40 73.0 1.1 

Recirculation in air conditioning, summer and winter is com 

mon practice and has been for years. Loadings are modera eTo 
low, the collected dust is harmless but valueless 

c,r i^h?;.::-s ,ix rlent 
practlce' H 18 g00d pmctice today i» large machine sCpTto 
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place buffers and precision grinders beside costly machine tools. 

The dust is caught efficiently in unit collectors (399, 400) from 

which the exhaust is returned to the room. Collecting efficiency 

must be good, or machine tools and bearings suffer. 

A modern granite-cutting plant employs skilled artisans. 

Solely because of the potential silicosis risk, the working area must 

be kept clean enough to satisfy rather exacting hygienic stand¬ 

ards. The dust which must be drawn away from the pneumatic 

tools has no real commercial value. If the plant decides to 

recirculate part of the air exhausted, it must be cleaned at high 

efficiency. If there is no recirculation and the plant is in an 

isolated district, there is no reason, other than general neatness, 

to require high-efficiency collection. It is enough to make sure 

that the dusty air from the exhaust does not blow back into the 

plant. , 
The dust from power-plant effluents can, as already noted, 

amount to tons per day. At present the sale of fly ash scarcely 

covers the cost of removal. Purely to maintain good will m the 

neighborhood (and it usually is of great concern to the plant 

management), dust collection must be good but by no means 

perfect. Economic considerations place these plants by navi¬ 

gable streams, major railroads, or highways, and they are always 

near the large cities which they serve. The color of theirshack 

discharge and the ash it contains are regulated well by owe 

'Pest Code of the American Society of Mechanical Engineers (14), 

and compliance with city codes is judged by smoke mspectors. 

METHODS 

Methods in present use for collecting dust at high loadings or 

cleaning air at low loadings are divided into several classes 

depending upon the type of equipment usee . 

1. Gravitational 

2. Inertial 

3. Filtering 

4. Scrubbing 

5. Electrical precipitation ^ have ,,een given 
Cost of Equipment for Air Clea g d by Kane (252). 

by Lappe (33o), I y ,tieg of making comparisons are 

In all three cases . the figures arc little 
stressed, and one ends up with a teenng 
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better than a guide or, in modern parlance, a “guesstimate.” It 

is recognized that, within the limits of common sense, costs for 

small units per cubic foot per minute are highest and large units 

are cheapest. Simple settlement units are cheapest, and high- 

efficiency Cottrell precipitators are the most costly—in terms of 

initial investment. 

hafr,/adS7oer«tttersare "°rn'a"y ,Ur"iShed Wit'‘ elhaU5tere’ 

* 2iW1Lere COl]Tt?? are norrnal'y furnished without dust-storage hoppers 
$.03/cfm has been added for dust-storage hoppers. "uppers, 

Note 3: Price of collectors in a group could be more accurately estimated on the 
basis of number of square feet of media for fabric arresters V -5 

variations for a given exhaust volume, dependent on the application F ° 

,rr«?rrates ot 3 tpm ™‘e”-*p5paZouS'ztz 
PiriCe °f electrostatic Precipitators will vary with the contact time and 

courtesy Heeding and Ventilating.) P minute- (After Kane, 

Recognizing fully the difficulties in any such comparison 
vanes chart F,g. 113, is the most useful we have see. 

nc oubtedly the actual dollar values will change, but if tl 

dollar is used simply as a base line, then the chart permits usefi 

compansons of costs of the various types of collectors. 

(Ffg CHL ,im7 famber- °USt iS Ca’'«ht b>' -ttlemer g. J14) it the time of passage of the dusty air through tl, 
chamber ,s long enough to allow the dust to settle from the to 
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to the bottom of the chamber. Hence we may write, assuming 
no short-circuiting through the chamber: 

R = A 
vg 

Fig. 114- Diagrammatic sketch of simple settling chamber. 

where R = retention period of the air in the chambei 

h = height of chamber 
V0 = terminal velocity of smallest particle remo\ e 

But 
hbl 

therefore, 

R = 

bl = 

Q 

Q_ 

y0 

where 6 and * are the width and length of ‘^"r. re.pec- 

tively, and where Q is the rate ot an o\ • 

Q 
Va = M 

h _ V, 
l Va 
b = Kh 

where F. is the air velocity through the chamber and K the ratio 

KXt hept as low as possible since the 
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settling rate of dust decreases with increasing turbulence of the 

air. It is not practical to reduce Va to the region of streamline 

flow (Reynolds’ number, vdp/n = 2000) because ol the large 

cross-sectional area required, although this would ensure the most 

efficient settlement of particles. Anderson (15) suggests a 

velocity of 1 fps or GO fpm, but higher values are generally used 

in practice. The ratio of h/b is determined by two considera- 

tions: space limitations and the problem of designing the entrance 

to ensure uniform distribution of flow over the entire cross-sec¬ 

tional area of the chamber. It is more difficult to secure a uni¬ 

form flow over a wide shallow opening than over one more nearly 

square in shape. 

Table 37. Rate of Fall of Spherical Particle in Air, a = 2.65 

Diameter, n 

Rate of fall 

Centimeters per second Feet per minute 

100 80 160 

50 20 40 

25 5 10 

10 0.8 1.6 

1 0.008 0.016 

The settling rates in still air for spherical particles having the 

same density as quartz (o- = 2.65), calculated by means of 

Stokes’ law, are given in Table 37. 

These data are in error in so far as they apply to the separation 

of crushed-quartz particles in a settling chamber because the 

particles are not spherical and the air is not still. The errors are 

additive since the effect of both is to reduce the settling velocity. 

Anderson (15) found the settling rate in practice to be about one- 

halt the theoretical value when the air velocity was about 1 fps. 

Making Va = 1 fps (GO fpm) and using the correct value of 

I ,i (50 per cent of calculated value), we obtain the ratios of 

h/l for the settlement of quartz particles given in Table 38 

For particles greater than 87 M the height of the chamber 

should be greater than its length, but the relationship is reversed 

m the case of smaller particles; for 25-M particles the length must 

be nearly twelve times the height; for 10-„ particles the ratio 
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increases to 1 -74; and a further increase to 1 :7400 is required 

when it is desired to remove particles as small as 1 n. It is clear 

from this that plain settlement cannot be employed for the 

separation of fine particles since the required dimensions of the 

chamber are impractical. This objection has been overcome to 

some extent in the Howard dust collector, which consists of a 

series of closely placed horizontal plates in a high chamber which 

is thus converted into a number of shallow chambers having 

much greater ratio of length to height than the main chamber. 

The Howard apparatus is difficult to clean. 

Table 38. Ratio of Height to Length of Settling Chamber Necessary 

to Capture Quartz Particles When Va = 1 fps 

Diameter, n Ratio, h/l 
100 1.33 
87 1 00 

50 0.33 

25 0.085 

10 0 013 

1 0.00013 

The design of the entrance and discharge openings must be 

such as to ensure even air flow throughout the chamber. It is 

particularly desirable to have a uniform velocity over the entire 

area of the entrance; otherwise a high velocity in the center of 

the chamber will carry the dust rapidly to the outlet with a 

negligible period of retention. Wires, pipes, or other means of 

straightening out the air currents and eliminating eddies are also 

desirable. Anderson (15) obtained an increase of about 20 per 

cent in the settling rate through the use of wires. 
Example. Determine the required dimensions of a chamber 

for the removal of quartz particles down to 50 m in size. Assume 

Q = 6000 cfm, Va = 60 fpm, <r = 2.65. 

1. Ratio h/l = 0.33 (rl able 38). 

2 Cross-sectional area = 600%0 = 100 S(1 ft- 
3. Assume h/b = ^ (to give good proportions, smceh/1 - Ah 
4. Therefore h = 7.07 ft, b = 14.14 ft, l = 21.21 ft. 

Gravitational settlement is applied extensively in the collec- 

tion of various metal fumes-thc gases from the smelting furnace 

may pass through considerable lengths of flue pipe (balloon flues) 

along*which fume particles settle and are returned (or reprocess¬ 

ing. Arsenic trioxkle, from smelting arsenical copper oies, has 
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;Baffle 

always been collected in the brick settling chambers, known as 

“kitchens,” and one can see today such kitchens wherever 

arsenical ores are handled. 
Simple settlement is an important first step in dust recovery in 

the manufacture of various foodstuffs and powders made by 

spraying the condensed liquids into large chambers. The effluent 

air then passes to a second-stage cleaner, usually a cyclone, and 

the exhaust is recirculated into the spray chamber. 

Inertial Separators. A sudden change in the direction of 

travel of dust-laden air causes 

a separation of some of the 

dust from the conveying air 

owing to the greater inertia of 

the dust. Because of its greater 

density, it more successfully 

resists a change in direction 

than does the air. This fact 

is utilized in the inertial sep¬ 

aration. The dust-laden air is 

directed against baffles, through 

suitable nozzles, or is otherwise 

guided. It is thus given a 

sudden directional change at 

a point where the dust, which 

tends to keep going in a straight line, will be thrown into a 

still-air chamber, in which it settles. 

Ineitial separators show wide and frequently unsuspected 

variations in efficiency with kind and concentration of dust, and 

it is not safe to accept the results of a few tests on a given piece of 

equipment as completely indicative of its operating character¬ 

istics. In one study we obtained over 95 per cent retention of 

limestone dust, but the retention of granite dust having approxi¬ 

mately the same particle size and concentration in the same 
apparatus was only 60 per cent. 

1 he simplest form of inertial separator is shown diagrammati- 

cally in Fig. 115. The dust-laden air enters at a fairly high 

velocity and is deflected downward by a baffle. In order for the 

air to escape, it must reverse its direction, and in doing this it 

loses some of its dust load. The rising velocity is kept low enough 

to ensure a further removal of dust by settlement. This method 

Fig. 115. Simple inertial separator. 
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of separation can he applied in innumerable ways for the removal 

of coarse particles (screen sizes). 

This type of dust separator is, with the cyclone, the most 

widely used of any. It will he seen as the single piece of collecting 

equipment in use, or it may he the primary separator in a multi¬ 

stage collector. It is used only on heavy dust loadings where its 

efficiency, on a weight basis, varies from high to good. It is 

inefficient in either low dust loadings or on tine particles. 

Cyclone. 1 n a cyclone (Fig. 116) the rate of dust precipitation 

is increased over that developed by gravitational attraction, 

owing to the fact that, the radial acceleration secured by centri¬ 

fugal motion is greater than the acceleration due to gravity. 

The superiority of the centrifugal chamber is measured by the 

“separation factor” (Chap. 1), which is the ratio o the rad,a 

settling velocity to the terminal velocity under the force of 

gravity. It was pointed out that the separation factor varies, 
within the zone of Stokes’ law, directly with the square <rf t e 

gas velocity in the apparatus and inversely with the radius 

path of the rotating air stream, thus 
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where Vc = radial settling velocity 

Vg = gravitational settling velocity 

Va = air velocity in centrifugal chamber 

r = radius of curvature of rotating air stream 

g = acceleration due to gravity 

The separation factor may have a value less than 1.0 when the 

air velocity is low, in which case the apparatus is less effective 

than a plain settlement chamber operating at the same velocity. 

Anderson has pointed out that the use of baffles in settlement 

chambers is often undesirable for this reason. 

It is a simple matter to obtain a fairly high separation factor in 

a practical centrifugal apparatus. With an air velocity of 

4000 fpm, for example, and a radius of path of 4 in., the separation 

factor is 416, i.e., the radial settling velocity of a 10-ju quartz 

particle in the rotating air stream is 666 fpm as compared with a 

gravitational terminal velocity of 1.6 fpm. 

In an inertial separator, as in a plain settlement chamber, the 

time required for the dust-laden air to pass through the apparatus 

must be long enough to allow the smallest particles which it is 

desired to remove to be driven out of the air stream before the 

air leaves the apparatus. Four major factors must be considered 

in the design of an inertial settling chamber: 

1. I he maximum radial distance that the dust particles have 

to travel in order to be separated from the air stream 

2. 1 he radius of curvature of the path of the rotating air 

3. The air velocity in the apparatus 

4. 1 he angular distance of travel of the air in the chamber 

The first and second should be made as small as possible in the 

d( sign of the apparatus, whereas the other two should be given 

maximum values. Lissman (285) has emphasized the advantages 

of the small-radius cyclone over the large apparatus and recom¬ 

mends the use of several low-capacity units in place of a single 

large apparatus. Not only is the efficiency of dust separation 

increased for the same power consumption, but also, by varying 

the number of small units in operation, depending upon the 

fluctuations in the total rate of air flow, one is able to maintain 

a constant efficiency. A fluctuating rate of flow through one 
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large cyclone, on the other hand, is accompanied by violent 

changes in efficiency. Lissman gives the following advantages 

for the small unit: 

1. Greater separation factor and shorter distance of travel 

necessary for separation. 

2. Minimum turbulence and eddies in the small apparatus. 

These disturbances are sometimes so great in large installations 

as to prevent the actual separation ot the fine particles from the 

air stream. 
3. The rotational stiffness in very small cyclones is relatively 

great since the change in kinetic energy of the rotating gas stream 

is rapid for even a slight radial displacement toward the axis of 

rotation. 
The pressure drop through a cyclone is usually less than 4 in. of 

water. First (156) noted that, the essential flow pattern in all 

geometrically similar cyclones is identical and suggested the 

following formula for computing the energy loss: 

Q2 
Al> = 0.002/ wm(L/T))h(H/D)* 

where AP : 1 energy loss, in. of water gage 

Q = flow rate, cfs 

e = exit-duct diameter, ft 

b, h = inlet width and height, respectively, ft 

jj ’fj _ height of cylinder and cone, respectively, ft 

J) = cyclone-cylinder diameter, ft 

k = a dimensionless factor descriptive of cyclone inlet 

vanes and having a value of 0.5 for cyclones without 

inlet vanes, 1.0 for inlet vanes that do not expand 

entering air stream or extend to exit duct wall, and 

2.0 for inlet vanes which extend across entire 

annular space 
In terms of number of inlet-velocity heads F, the energy-loss 

formula becomes 
L\ I h\ 

* -» i), 

The inlet-velocity head can 

formula: 

be computed by the following 
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n = inlet velocity head = 0.003 pIV 

Vi = inlet velocity, fps 

p = air density, lb/cu ft 

Total energy loss is the product of the inlet and total velocity 

heads. 
Fried lander et al. (169) give the following illustrative example 

in the application of First’s equation: 

Consider a cyclone, handling 6000 cfm, which has the following 

dimensions: diameter, Dc = 4 ft; inlet width, b =1 ft; inlet 

height, h = 2 ft; length of cone, Lc = 8 ft; height of cylinder, 

Hc = 8 ft; exit duct, e = 2 ft. There is no entry vane. In order 

to increase efficiency, a group of new cyclones is designed, each 

with the same proportions and inlet velocity as the original but 

with diameters of 6 in., or one-eighth the original diameter. 

(1) How many of these cyclones will be necessary to handle the 

original flow rate at the same resistance? (2) What was the 

original energy loss in inlet-velocity heads and in inches of water? 

(3) W hat is the energy loss of the new cyclones in inlet-velocity 

heads and in inches of water? 

1. Vii = Vi2 = ^ = 6000/2(1) = 3000 fpm 

hi = DCJ 2 

therefore 

hi = Dc /2 = 0.5/2 = 0.25 ft 

bi = Dcj4 

therefore 

b2 = £>c2/4 = 0.5/4 = 0.125 ft 

Q2 = b2h2Vi = 3000(0.25) (0.125) = 94 cfm 

Number of new cyclones = 600^94 = 64 

Also from this equation it may he seen that for geometrically 

similar cyclones ot equal resistance capacity increases exponen¬ 

tially with cyclone size; that is, a one-eighth reduction in cyclone 

size requires or 64 times the number of units for equal air flow 
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2. From First’s equation (page 290) 

F 
12(1/0.5) (2) 

22 

= 12/(2yi = 7.6 inlet velocity heads 

= 7.6(0.003) (0.075) (3000/00)2 

= 4.28 in. of water 

3. From First’s equation, the energy loss in inlet-velocity heads 

and inches of water for the new cyclones is the same as for the old. 

Cyclone Design. High retention is important in a cyclone; 

otherwise apparatus that has a high separation factor can give up 

particles again by reentrainment in the moving air stream. Or 

they may be picked up by the eddy currents produced at the 

boundary between the rotating air and the stationary wall and 

carried out. Various attempts have been made to overcome the 

troublesome effect of the wall disturbance. One method is to 

provide a slotted or perforated wall inside an outer shell with a 

still-air area between them. Dust particles that are thrown to 

the wall by centrifugal force escape through the openings into the 

still-air space, from which they settle into the storage hoppei 

beneath. 
Studies by First (152) with transparent cyclones, of plastic 

material, showed very clearly that particles are driven into the 

dust hopper dynamically by air currents. At the bottom of the 

cone, dust agglomerates and can drop into the hopper without 

Koincr roontrained. 

of mixed sizes. 
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most used primary separator we have and may be the only collec¬ 

tor needed on such important dusty operations as woodworking. 

Field Tests on Cyclones. As part of their contract with.the 

Atomic Energy Commission, the Harvard Air Cleaning Labora¬ 

tory ran field tests on cyclones in a variety of modern operations. 

A summary of these data (153) is given in Table 39. 



CHAPTER 15 

AIR CLEANING BY FILTERING 

Modern air filters can be divided into three classes: (A) indus¬ 

trial units filtering heavy loadings at low velocities, (B) air- 

conditioning filters handling low loadings at high velocities, and 

(C) high-efficiency filters for low loadings at low velocities. 

Industrial Filters (A). The dust caught in industrial filters 

must be removed at regular intervals. Typical examples are 

metal fumes in smelting, fine dust from the abrasive cleaning of 

castings, and dust from rock crushers. With a high loading, a 

precleaner such as a cyclone or settlement chamber helps to 

reduce, to a practical working level, the amount going to the 

filter. Concentration at the entrance to the precleaner may 

reach 50 g/cu m (22 grains/cu ft), while filtration velocities vary 
from less than 0.5 to 30 fpm. 

Air-conditioning Filters (B). These are used extensively in 

theaters, restaurants, hospitals, railroad cars, stores, and private 

houses. The filter usually takes the entire dust load without the 

use of a precleaner. Ordinarily the dust is valueless, and the 

filter medium is renewed or cleaned solely to ensure good opera¬ 

tion. Dust concentrations handled vary from about 0 04 to 

4 mg/cu m/(0.02 to 2.0 grains/1000 cu ft) at velocities of 100 to 
400 fpm. 

High-efficiency Filters (C). These are used especially on toxic 

dusts, at low loadings, and at velocities rarely exceeding 5 fpm. 

1 hey may be built in several stages in series with the first unit 
serving as a precleaner. 

THEORY OF FILTRATION 

A" air filter, of whatever medium, consists of a porous bed 

lough " Inch the air passes along tortuous paths. The air is 

OKed to change its direction many times in an abrupt fashion 

‘ . ,s hrought lnto intimate contact with a relatively large 
surface area provided by the filter medium. The pores of the 

295 
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filter are always of large dimensions compared with the size of 

dust particles which are caught (Fig. 117) so that mechanical 

straining action plays little part in filtration. Some particles 

carried along on the air streams may come in contact with collect¬ 

ing surfaces by simple interception but this, too, contributes little 

to filter efficiency. Electrostatic attraction is undoubtedly an 

important factor in many situations; it has not been evaluated, 

,o 117 Five-ounce cotton cloth, the lower hall partially plugged with silica 
ist The unplugged meal.es in the upper half average 0.2 to 0.4 mm. (.After 

age.) 

however, in theoretical terms. Two dynamic forces of precipita¬ 
tion are visualized which account for the collection of microscopic 
particles, and it is upon these that the theory of filtration is built. 

Impingement. As the air moves through the filter, the stream¬ 
lines are forced to bend around the fibers or other obstructions 
which make up the filter medium. Owing to their mass and 
inertia particles resist change in direction and continue along 
naths Independent of the streamlines. In this way, some a 
brought into contact with the surfaces of the obrtnwtove bo le 

v uro held by adhesive forces, lne emuency 
impingement (Chap. 1) is a function of the following dimension- 

less parameters: 
/ W \ 

E = f ( Pi, Re, 2 R. 

0(l~V ' T-) _ 

where Pi (impingement parameter) - 
v dp 
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or characteristic dimension of other R = radius of fibers 

obstruction 

v = air velocity approaching the fiber 

p, n = density and viscosity of air 

d = diameter of particle of density a 
Diffusion. A gradient in particle concentration exists in the 

air as it moves past the collecting surfaces of the filter (concen¬ 

tration is zero at the surface). Fine particles move by diffu¬ 

sion down this gradient and are precipitated on the surface. 

According to Davies (103), a dimensionless diffusion parameter 

Pd = A/vR may be substituted for P, in the above functional 

relationship to give the efficiency of filtration by diffusion. A is 

the coefficient of particle diffusion in square centimeters per 

second and varies in magnitude approximately with l/d2. Thus, 

we note that the force of precipitation by diffusion increases as 

the product d2v goes down, whereas deposition by impingement 

increases in direct proportion to this same product. There exists 

a particular value of d2v, therefore, for which the sum of P, + Pd 
is minimum. Davies estimates this to be 4 X 10~4 cc/sec and 

thus obtains the following sizes of particles for which filter effi¬ 

ciency at various filtering velocities is minimum: 16 cm/sec, 

0.1 m: 4 cm/sec, 0.2 p; 1.0 cm/sec, 0.4 p; 0.25 cm/sec, 0.8 p. 
This characteristic of minimum filter efficiency associated with 

a given particle size was observed many years ago by Freundlich 

(183), but in recent studies, LaMer et al. (267) failed to find evi¬ 

dence in support of a critical particle size, working with particles 

down to 0.2 p and with a minimum filtering velocity of 2.5 cm /sec. 

Foi a filter bed made up of packed fibers, Davies has developed 

the following mathematical description. Assume an aggregate 

length L of fibers of radius R in a unit volume of the filter having 

a packing density (volume of fibers divided by volume of filter) 

°f C = tR2L‘ Assume further that there will be precipitation of 

all particles carried in the air which enters the transverse region 

a-along the axis of approach to a single fiber (see Fig. 6, page 18). 

The volume rate of air flow in this region will be xv for unit fiber 

length, and in the unit volume of filter of area A and depth dh 
the volume of air filtered per second will be xvLAdh. The change 

in particle concentration resulting from passage through the 
depth dh is therefore given by 

xvLA „ 
dh dn = — n 

Q 
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where n is the entering dust concentration and Q is the rate of air 

flow through A. Since v = Q/A( 1 — C) and C = 7tR-L, this 

equation may be rewritten in the form 

dn = —n 
C x 

1 - CttR2 
dh 

For a filter of thickness h, with all the fibers parallel and per¬ 

pendicular to the air flow, integration gives 

n — no e~yh 

Filter efficiency = 1-= 1 — e~yh 
n 0 

where n0 and n are the entering and leaving concentrations and 

7 is the index of filtering efficiency: 

C x 
7 = 

1 - CttR2 

The packing density C and actual fiber radius are measurable 

dimensions of the filter. The distance * is a function of particle 

size and of air velocity as well as of C and R and must be deter¬ 

mined experimentally. The ratio x/R is found to vary in a com¬ 

plex manner with d/2R, P, and C. R in this case is the effective 

fiber radius which is larger than the actual radius owing to the 

fact that the fibers are not arranged in a parallel pattern. Dai ies 

obtained the following relationship from tests with a variety of 

fibrous filters: 

x 
R 

A 
2 R 

, (n 9« , «.4d\ p _ <L026Ml (q 16 + 10.9C - 17C2) + ^0.25 + r 2RP2 J ^ 

Efficiency vs. Particle Size and Fiber Radius. 1 he parameter 

Pi increases with d in the region of impingement and vanes 

inversely with R. Hence, efficiency increases with particle - , 

and or a g ven size of particle, it increases as the fiber,radius goes 

T The test results in Table 40 show how much efficiency 

ert with the physical characteristics of the filter medium, 
may vary wit P • f p the filters between the 

z MgU"ncy t 
Va m) alKl * 6 • ^. \ with a nonuniform dust 
and SiO* dust (average size > 1 Mb 
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Table -40. Filter Efficiencies 

Tobacco-smoke efficiencies are determined by direct tyndallmeter, those 

for CaC03 by chemical methods, and those for Si02 by wet tyndallmeter. 

Of the three, the smoke determination is the only one that is instantaneous. 

Filtration velocity is the same in all tests. 

Filter 
Tobacco, * 

% 

CaCO.„t 

% 

Si02,t 

% 

Paper fAir TVTa.t). 17.9 83.6 93.1 

Heavy wool felt . 55.0 99. n 99.2 

Cotton felt plugged with A1203. 

Wool cloth. 

7.7 

3.6 

59.0 

55.4 

58.1 

Lond sateen napped. 

Napped filter cloth. 

26.4 

32.7 

98.2 

99.2 

* Approximately 0.27 m- 

t Ground mineral dust, 100 per cent through 325 mesh, dried, blown into gas cabinet, 

and allowed to settle out for 20 min. Particle size approximately 1 ^ but definitely non- 

uniform. Both dusts were collected by impinger. 

c 
v 
D 
cr 
oj 

c 
3, 

there is a decrease in the size of the particles leaving compared 

with those entering the filter. This is shown by the results of 

size analyses in Fig. 118. Since these measurements were made 

with the optical microscope with 

limited resolving power, it is 

probable that the actual change 

in size was greater. Recognition 

of the important role of fiber 

radius in determining filter effi¬ 

ciency has led to wide search 

for finer and finer filter media. 

Fiber radius is decreased with 

depth in some modern filters to 

give high efficiency together with 

high dust-holding capacity. 

Efficiency vs. Filter Depth. 

The foregoing relationships indi¬ 

cate that efficiency increases ex¬ 

ponentially with the thickness of 

the filter. Page’s data in Fig. 

119 confirm this. The lack of a 

single exponential relationship for 

the entire series is explained bv 

1 

5- 
Dust m 
a/r- 

C/tered 

J — 

J 
'l - J 

— 
t 
; 

:{ / Dustin //nfn terec 
^'-o/r 

— 
2 

1 

5 

o 
1 

0.5 1. 0 _ 2 3 4 6 -‘Q 

I(ig. 118. A comparison of the size- 
frequency distribution of dust par- 
Ucies m filtered and unfiltered air. 
1 he filter reduces the average size 
and increases the uniformity. 
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the fact that a nonuniform test dust was employed and the 

coarse particles were preferentially removed in the early layers. 

The exponential increase in efficiency with depth is also suggested 

by the relative darkness of tobacco stain in Fig. 120. 

Efficiency vs. Air Velocity. According to the theoretical 

development above, the efficiency of particle collection in the 

impingement region should increase with air velocity, whereas for 

o - 19.56 g/sq m Q-5.35g/sqm 

Fig. 119. Increase in filter efficiency with depth, in terms of number of layers of 

filter paper. (After Page.) 

submicroscopic particles which are precipitated by diffusion, a 

low filtering velocity is favored. 
For certain air-conditioning installations relatively coarse 

impingement filters are employed in which the obstruct.™^fibers 

are coarse and air passageways are of large dimension, 

feeling surfaces are oiled to ensure high adhesiveness In such 

filters high air velocities are required to maintain the dcsir^ 

impingement efficiency; at low velocities, dust passes throug 

“K touching the sticky surfaces. With dry fibrous or 

doth filters, however, the theoretical increase in impingemen 

efficiency with increase in velocity is offset in practice by the 

"at at. the higher air velocities there ,s greater blowoff of 
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particles after they have precipitated. Moreover, the rate at 

which the dust load builds up on the filter increases with filtering 

velocity so that when the latter is high the life of the filter (time 

to reach maximum permitted resistance) is short. For these 

reasons, air-filtration practice calls generally for low rather than 

high velocities. Air flow is usually in the region of streamline 

motion. . 
Efficiency vs. Filter Resistance. The resistance to air How 

through a fibrous filter varies inversely with the square of fiber 

Fig. 120. The comparative tobacco-smoke retention by various thicknesses of a 

commercial air-filter paper. Numbers indicate layers of paper used. The dark¬ 

ness of the stain indicates the amount of material caught. (After Page.) 

radius. Since the filtering index y varies in the same manner 

with the size of the fiber, it follows that filtering efficiency should 

bear a direct relationship to filter resistance. This is found 

roughly to be so in practical filter tests. Cloth filters which vary 

considerably in initial resistance and in efficiency are found to 

have very similar efficiencies when loaded with dust to the same 

resistance (see Table 41). The relationship between efficiency 

and resistance does not hold for dissimilar materials. Thus, the 

filtering efficiency of disks of wool felt cut from the same bolt 

can be estimated reliably by measuring resistance alone, but one 

cannot predict from the resistance the relative filtering efficiencies 

of other materials such as thin paper or thicker felt. 

Since, in common practice, air flow through filters is in stream¬ 

line motion, the resistance at a given dust loading varies directly 

\\ith velocity, as shown in Fig. 121. The resistance from the 

initial value in a clean filter increases with dust loading in a 

manner which depends upon the way in which the particles pack 
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Table 41. Resistance and Efficiency of Different Fabrics before 

AND AFTER DUSTING TO UNIFORM RESISTANCE 

Note that at 2-in. resistance efficiencies are nearly equal while initial 

resistances and total dust deposited differ greatly. 

Cloth 

Initial 

resistance 

% 

Initial 

efficiency 

% 

Efficiency 

at 2 in. 

resistance 

% 

Load at 2 in. resistance 

Grains per 

square foot 

Grams per 

square meter 

20 0. 143 89.80 99.90 80 56 

21 0.096 76.05 99.87 29 20 

26 0.066 91.90 99.90 37 26 

27 0.046 70.6 99.95 117 81 

28 0.088 82.7 99.94 101 71 

22 0.120 85.75 99.79 7 5 

23 0.760 99.66 0.9 0.6 

25 1.12 99.73 0.6 0.4 

24 1.30 99.79 0.4 0.3 
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on the filter. The curves in Fig. 122 indicate how the resistance 

builds up with time, the increase being greatest for the highest 

dust concentration in the entering air. 
Efficiency vs. Dust Loading on Filter. In the preceding dis¬ 

cussion of filtration theory a clean filter was assumed. As the 

deposition of particles continues, however, the pores in the filter 

are reduced, resistance is increased, and the efficiency of filtration 

goes up. This is particularly true of cloth filters which operate 

primarily as surface filters. A bed of dust is built up on the 

surface fibers, and these particles serve to capture more particles. 

fly ash (1 grain/cu ft—2.3 g/cu m). (After Bloomfield and DallaValle, courtesy 

U.S. Public Health Service. U.S. Public Health Service Bull. 217, 1935.) 

The curves in Fig. 123 show how rapidly efficiency goes up as the 

dust load is increased. A filter is at lowest efficiency when new 

and generally is best when resistance has reached the point where 

cleaning or shaking is necessary. Obviously, the best filter is one 

with high cleaning efficiency at low resistance and with maximum 

dustrholding capacity for a given resistance. 

A filter material can be built up artificially upon any retaining 

substance like wire mesh and can be made thin like paper or 

thick like wool felt. If feathers, lint, cotton fibers, hair, hemp, 

wood flour, or similar substances are dusted or sucked onto a suit¬ 

able retaining medium, the fibrous material distributes itself 

automatically upon the areas of least resistance to air flow, 

ihus, a uniform filter of any desired efficiency can be obtained. 

Such a built-up filter can be removed completely from the sup¬ 

porting medium, but then the building-up process must be 

repeated before the filter is again ready for use. 

We know of equipment, now operating successfully, in which 

asbestos floes are being applied to filters via the intake air. 

I?liters, already of good grade, arc thus brought up to the “high- 
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efficiency” category. However, this application is still limited 

to cleaning air at very low dust loadings. 

In studying various ways for producing uniform porosity in 

filter fabrics, we used the property of zinc oxide, long known in 

the metallurgical industry, of building an efficient filtering 

Fig. 123. The dust-filtering efficiency of a heavy woolen felt 
cloth. Silica-dust filtering efficiency vs. dust load. T je■ w p j 
in respirators and the cotton cloth in industrial-dust collection. {After ag .) 

medium, at permissible resistance, upon a rather coarse base of 

cotton fabric (28). Cloth which had an initial tobacco-smo e 

efficiency of 22 per cent could be brought up to 92 per cent if it 

plujed with zinc oxide fume. The fume v**** 
were drawn onto the fabric at a velocity substantially higher 

than that to which the plugged material was to be subjected. 

Later Kuhn and others (265) patented processes for impregnuti g 

a paperlike material with a carbonaceous smoke in otde, to make 

undorm filters. As noted elsewhere (page 330) some very good 



305 AIR CLEANING BY FILTERING 

dust respirators were made, after World War I, with filters 

plugged with carbonaceous smoke. 
It was noted in the Kuhn patents that such plugging treatment 

should be administered with insoluble materials, for the plugging 

is unstable in the presence of a solvent for the plugging medium. 

For instance, a fabric plugged with aluminum oxide made from 

exploding aluminum powder with potassium chlorate contains 

enough water-soluble material to be unstable in aii of high 

humidity. On the other hand, carbonaceous smokes, pure 

aluminum oxide, magnesium oxide, zinc oxide, and ferric oxide 

are not so affected. The fumes that plug filters most satisfac¬ 

torily all show a marked tendency to flocculate and evidences of 

electrostatic effects; many of them are formed by strongly exo¬ 

thermic reactions. 
Sometimes metallurgical fumes form a thin crust which can be 

lifted off an experimental filter with the blade of a knife. When 

the crust is thus removed, the filter resistance returns close to its 

initial value, showing that the build-up is due mostly to the 

crust, and not to the filter cloth. In the laboratory we have 

built up zinc oxide filters on cotton cloth with openings initially so 

large that the cloth was unsatisfactory for filtering rock dust of 

much greater particle size. 

INDUSTRIAL FILTERS 

Filter Cloths. The material most commonly used is rather 

heavy cotton, either napped or smooth. If it weighs much less 

than 10 oz/sq yd, it is apt to be too weak to withstand the fre¬ 

quent shaking necessary to dislodge the accumulated dust deposit. 

For filtering dry noncorrosive materials, at temperatures less than 

about 190°F, cotton cloth is likely to remain the preferred mate¬ 

rial for some time to come. 

In metallurgical and chemical processes, temperatures of the 

conveying air or gases often exceed 21‘2°F. There may be the 

added difficulty of an acid gas, such as SO2, which, if moisture is 

present, damages most cloths rapidly. The metallurgical indus¬ 

try generally uses wool fabric at 9 oz/sq yd. Some of their bag- 

houses are very large with bags standardized at 30 ft in length 

and 18 in. in width. Usually they are reinforced with a double 

layer of cloth at each end where they are attached to the mani¬ 
folds or thimbles. 
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There are plenty of applications for filters which will stand 

temperatures well above 300°F, and the deterring factor, at 

present, is lack of strength to withstand shaking rather than cost. 

Various of the new synthetic yarns are being tried and have con¬ 

siderable promise—nylon, orlon, glass, asbestos cloth, and even 

stainless-steel cloth have been tested. 

Metallurgical fume is usually in the paint-pigment range of 

size, 0.2 to 0.8 n, is flocculated, fluffy, and has an apparent density 

Table 42. Properties of Selected Filter Fabrics—Typical Values 

for New Cloth 

Chemical resistance 

Maximum temperature, 

°F 

Cost 

Cloth 

Acid Alkali 
factor 

Cotton. Poor Fairly good 180 1.00 

Wool . Good Poor 215 2.43 

Vinynn. Good Good 200 2.08 

Nylon. Poor Good 225 2.58 

Asbeston*... . 

Orion. 

Poor 

Good 

Good 

Poor 

275 

275 

3.80 

3.55-5.50 

considerably less than 1. even for substances of true density of 0 

or more (442). Such material builds up resistance on the cloths 

many times faster than does dry rock dust, but the bulk wcir i on 

the cloth may be comparatively low. Cotton filter bags work 

well for zinc oxide and can be made of cotton cloth much lighter 

than is required for rock dust, simply because the zinc oxide fu 

U AuseM table comparing costs and performance of various 

cloths used for dust and fume filters is given by I ring (304) 

reproduced in Tablei 42. practice to cool air enter- 
Temperature Control. Itprior to filtration 

ing cleaners by simp ejld ^ ^ consi(|cra))le distances through 

the transporting gas m< y ,, «nes an(l jUst before 
air-cooled condensers or through balloon flues, and , ^ 

entering the filter house, it f , bove thc dew point 
adjusted that the temperature is kept safely 

(of the gas). 
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This method is by no means foolproof; too little water can 

result in charring the cloths, and too much can cause caking, an 

abrupt increase in resistance, and tearing of the cloth. 

Filtering Velocity. The most common filtering rate through 

industrial cloth filters is 3 fpm (3 cfm per square foot of cloth 

area). This rate has been found to be a practical one with typical 

Table 43. Filter Resistance Coefficients for Certain Industrial 

Dusts* on Cloth Filter 

Particle size 

Material Coarse 
Me- 

diumf 
Finef 

<20 mesh <140 mesh <375 mesh <90 n <45 n <20 M <2 

Granite. 1.58 2.20 19.8 
Foundry. 0.62 1.58 3.78 

Gypsum. 6 30 1ft 9 
Feldspar. 6 30 27.3 
Stone. 0.96 6.30 
Lampblack. <17 9 

Zinc oxide. 15.7t 
Wood. 6.30 
Resin (cold). 0.62 25.2 
Oats. 1.58 9.60 11.0 
Corn. 0.62 .... 1.58 3.78 8.80 

Source: After Williams et al (443). 

* laches, water gage, per pound of dust per square foot of cloth per foot per minute filter¬ 
ing velocity. 

| Theoretical size of silica; no correction made for materials having other densities. 

I Flocculated material not dispersed, size actually larger. 

industrial dusts and average dust loadings since, with it, resist¬ 

ance usually builds up to the permitted maximum before cleaning 

m a convenient time, say a work shift. There is no inherent 

merit in this rate, however, and for unusual dust loadings and/or 

dusts which plug rapidly or slowly, other rates may be employed. 

Williams, Hatch, and Greenburg (443) studied the relationship 

e ween 1 termg velocity and dust loadings and determined 

resistance coefficients for dusts of different sizes. These vary 

mdely W‘th size and plugging characteristics, as shown in Table 

. , / h®.fi ter resistance for a given velocity varies directly with 
dust loading, provided the packing of the dust on the filter'is to a 
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constant degree. This was true in the tests reported hy Williams 

et al.j but their test dusts were purposely dispersed by means of 

high-velocity jet. Without such dispersion the dust layer may 

increase in packing density as the pressure drop across the filter 

goes up. As a consequence, the filter resistance rises faster than 

does the dust loading. Nevertheless, the data in Table 43 reveal 

a wide range in the resistance characteristics of diiTerent dusts 

encountered in industry which may be taken into account 

together with dust loading to provide a basis for selecting the 

best filtering rate. The relationship, for a constant dust packing, 

is 

h = hi - hi = rvW 

where h2 = permitted maximum resistance, in. II20 

hi = resistance immediately after cleaning filter 

r = resistance coefficient of dust, in. H20 per pound of 

dust per square foot of cloth area per fpm 

t; = filtering velocity Q/ A 
W = dust deposit per square foot of cloth 

If q is the dust loading in pounds per cubic foot and t is the desired 

time of operation between shakings (in minutes), then the filtering 

velocity should not exceed the following: 

!> = y[' hi — hi 
rgt 

This equation may be emplhyed only when a linear relationship 

exists between filter resistance and dust load on the filter 

In practice, resistances are reduced by shaking the filters 

rajping their supporting frames. The same pnnc.ples apply 

whether the cloth is in tubes or bags or on frames. Small 
f, v „ a shaking device operated manually, while large ones 

°a^haki: mechanically. We have seen a few in which the time 

of Shaking is controlled by a ornm^r and usu- 

shaker at a definite — presenting routine 
ally more P™ct'cal, to make so ^ ^ up resistance, and 

Elr^he shTer o°n a definite time schedule. (See Figs. 124, 

125A’ 126 -fi ,nt Pom noted by Williams et al. (443) is that too 

« -1- 'h“b" ” 



309 air cleaning by filtering 

result in dust suspensions made up only of subsieve fines Then 
resistance on the cloths builds up very rapidly. It is better 
operation to leave in suspension a fair percentage of partu e. 
above the microscopic size and thus render cleaning s a mg 
easier than if only the very fine dust enters the filter chamber. 

Fio. 124. Cloth-screen dust collector. (Courtesy Pangborn Corporation.) 

Self-cleaning Filter (Reverse Jet). The Hersey collector (Fig. 
127), which is self-cleaning, represents a relatively recent develop¬ 
ment. It operates at filtration velocities up to 40 fpm—about 5 
to 10 times that used on most cloth filters. A slotted ring, to 
which compressed air is connected, travels slowly up and down 
the wool felt bags and thus dislodges the dust on the inside 
of the bags and causes it to fall to the hopper beneath. This con¬ 
tinual cleaning prevents build-up of heavy dust layers, pressure 
drop can be kept constant, and capacity thus is increased without 
sacrificing filtering efficiency. 



310 INDUSTRIAL DUST 

Fig. 125. Bag filters. (Courtesy Dracco Corporation.) 

. Method of fastening bags to the manifold. (Courtesy Dracco Corpora- 
Fig. 126 

Hon.) 
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It is to be noted that the filter cloth is felted and not woven. 

According to Hersey, woven materials, including wool, gradually 

open up and leak while a true felting presents a uniform surface, 

both before and after the slotted ring passes up and down, and 

does not leak. 

*IG)’ 'r?7' ^che™atlc diagram of reverse air jet filter. 
and 1 he Day Company.) (Courtesy J. H. Hersey, Jr., 

Life and Upkeep of Filter Cloths. The life of dust filters 

depends upon local conditions. We have had cloth screens last 

under heavy duty, for years and had others burst in a matter of 
weeks when overloaded and neglected. 

Cl0t.h'fre,en filters usually wear out first where the cloth rubs 
agamst the frame, while bags usually start tearing at the mani 

folds, ether top or bottom. If either type bursts! the mST 
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it generally is because they were grossly overloaded and not 

cleaned often enough. 

Filter life is about the same, at equal loadings, whether the dust 

is hard or soft. We know of a large cloth-collector job handling 

dust from truing synthetic abrasive wheels, bonded with clay. 

The dust is about as hard as one can find, and the unit, which is 

well designed, handles this dust as well as do others working on 

softer rock like limestone or talc. 
The best results are always attained where the dust or fume is 

an important item in the process. We have put in cloth screens 

for rock-dust collection and run them daily tor several years 

without any repairs to the cloth, lhe dust collected in that 

particular plant amounts to about 0.1 per cent ot the rock 

handled, and the plant runs well enough to have the unit approved 

for recirculation of the filtered air. 
In contrast we have seen a similar installation in a manufactur¬ 

ing plant, put in solely to avoid creating a neighborhood nuisance, 

and then neglected because the dust was of no use. Cloths burst 

from overloading, and the exhaust never was clean. 
PrrkhnTlv the best operations and lowest depreciation will be 

permit removal and replacement of the cloth-not a 

hand many of the bag filters in smelting handle 

shutdown to 

difficult job. 
On the other hand many 
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irrespirable gasses so that workmen cannot enter the filter house 

for any sort of inspection or repairs without complete respiratory 

protection, preferably air masks. Usually the filters are in 

parallel units or blocks which can be shut down, but the tempera¬ 

ture may be around 150°F. Repairmen must then be specially 

clothed and wear suitable respiratory equipment. 

When filters are working at the high efficiency of which they 

are capable, there is no reason why recirculation is not perfectly 

safe—from a health standpoint. New York State now permits 

such recirculation (325)'under reasonable rules based on studies 

by Stern (400) and thus helps the operator reduce his heating bills 

in winter. It is not difficult to place a dust indicator or alarm in 

effluent air and thus to detect dust leaks which otherwise pre¬ 

clude the use of recirculation. 

The dust alarm or indicator can be of several different types. 

A photoelectric device now is commonly used on power-plant 

stacks to indicate the density or opacity of black smoke. The 

same unit will work satisfactorily on rock dust of any color but 

not down to hygienic thresholds. 

If the effluent air is drawn, at constant rate, through a good- 

grade filter paper, the increase in resistance gives a very reliable 

indication of the dust loading (1G). By connecting a U-tube 

manometer, half filled with acidified water, to each side of the 

filter paper the excursion of the fluid can be used, through a 

simple relay, to actuate an alarm such as an electric bell or a light 

which will show when the exhaust air is too dusty. 

Performance Data. The cleaning efficiency of cloth filters of 

various kinds was determined by the Harvard Air Cleaning 

Laboratory (110) on typical industrial dusts at different loadings. 

The summary of their field tests is shown in Table 44. 

Edge and Variable Compression Filters. There are many 

occasions when the limiting factor in the life of a filter for air con¬ 

ditioning is the resistance—when this exceeds the initial resistance 

twofold or threefold the filter generally is changed or cleaned 

Silverman and First (380) have studied the possibilities of 

usmg edge or variable compression filters in order to prolong the 

i e of filter units by keeping the resistance constant. Filters can 

be made from a wide selection of materials which must be easily 

compressible. 1 he basic principle is illustrated in Fig 19g 

Air to be cleaned enters the series of annular rings and flows from 
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the center outward. As the filter begins to plug, pressure gradu¬ 

ally is released, thus preventing an increase in pressure drop. 

At present the method is being tried only for cleaning air at low 

dust loadings. 

Filtered 
air 

Means for varying 
compression 

Filtered 
air 

Filtered air Aerosol 

FILTERS FOR AIR CONDITIONING 

The dust caught in these filters, Figs. 129 to 131, contains par- 

tic es ranging in size from the submicroscopic to the visible and 

includes occasionally considerable amounts of macroscopic mate¬ 

rials like lint and cinders. The filtering is done by paper or 

c othhke material, by loosely packed fibers such as steel, wool 

g ass oi hemp, or by sheet-metal disks coated with a special oil 

iHtcle"^ beei' adaPted fW ^ 

A large proportion of the oiled or viscous filters are packed in 
flames of which 20 by 20 in. are common dimensions The fiber 
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Fig. 129. Cloth filter used in general air cleaning. (Courtesy Coppus Engineering 

Corporation.) 

Fig. 130. Viscous filter of steel wool used in general air cleaning 

American Air Filter Company.) 

(Courtesy 

packing increases in density from front to hack, he back par 

the better filter and the front taking the bulk of the dust 

„ad Dust particles are caught, by impingement, against 

sticky fibers; the path of the particles must be tortuous and 

'the air velocity must be rather high. _ As m^ht ^expected, ^ 

effectiveness of such filters varies mveist > 
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particles must be large enough to possess a distinct momentum, 

and the more nearly they behave like a gas the less easily they 

are caught. For example, viscous filters are about 85 per cent 

efficient against ordinary city dust but are useless against tobacco 

smoke. If viscous filters are run at too low rates, collecting- 

efficiencies are reduced. Again if they are run too fast, dust can 

be picked up off the filter face 

and entrained. 

Paper and cloth filters for 

general air cleaning, made up 

both in units such as 20 by 20 

in. and larger, have higher 

filtering efficiencies than vis¬ 

cous filters but operate at 

lower air speeds. All such 

air filters must be effective 

when first put into service; 

reliance cannot be placed on 

usage to improve their fil¬ 

tering efficiency. Many of 

the units are held in light 

and inexpensive paper or 

fiber frames and when dirty 

can be burned instead of being cleaned. 

The disposal of old filters by burning is convenient, but the fire 

hazard associated with the operation of combustible filters must 

not be ignored. The fibrous nature of the filtering medium the 

use of oil coatings, and a ventilation rate that ensures an abun¬ 

dant supply of oxygen furnish ideal conditions for fires It 

should be remembered that oiled steel wool and glass catch fire 

and burn easily unless precautions are taken to use oils of high 

flash point and low volatility. It is good practice to install an 

automatic sprinkling device in the filter house, to provide spark 

arresters, and to use fire-resistant filter material P 

1 he resistance to air flow varies for these filters from y16 to 

In a'r conditioning, a resistance above % in.* usuallv is 

unwise, and the unit is cleaned or renewed when this pressure 

drop is reached; small units for cleaning the intake - ,r^ , 

P'essois, however, may operate with resistances as high as ‘]°h. 

Or the equivalent of about a ,0 per cent decrease in air flow 

Pig. 131. Air-conditioning filter with 

multilayer thin paper which is discarded 

when resistance becomes too high. 
(Courtesy American Air Filter Company.) 



318 INDUSTRIAL DUST 

Large filtering areas are obtained through a variety of ingenious 

flutes and folds, one manufacturer advertising 27 sq ft of surface 

in a 20 by 20 in. cell, thus reducing velocity to 22fpm with a 

unit capacity of 000 cfm. Obviously practical considerations 

will determine the limits of area, filtering velocity, and resistance 

which are used. 

In air conditioning, as was stated, it is common to use a cell 

packed in various ways with Fiberglas. It has been found that 

both air-cleaning and dew-point control can be achieved by 

wetting the cells with water which is sprayed on either concurrent 

or countercurrent to the air stream. The cleaning efficiency of 

the wet cell is as good or even slightly better than the dry. 

Entrainment of moisture is controlled by zigzag eliminator plates 

following the filters, just as in the usual air washer. 

High-efficiency Filters. If normal operation of cloth filters 

can effect recoveries over 99 per cent, by weight, there is not 

much room for improvement; yet filters are being used today in 

which recoveries exceed 99.99 per cent. Performance is then 

best judged on the basis of penetration, as toi gas masks. 

Industrially these high-efficiency units are being used in filter¬ 

ing air supplied to photographic film rooms, in pharmaceutical 

plants, and more recently for cleaning effluent air for outdoor 

discharge from atomic-energy reactor plants. They are dis¬ 

cussed in considerable detail by Friedlander et al. (109) whose 

performance test data are shown in Table 45. It should be 

noted that these filters are not adapted to heavy loadings (and 

shaking) but only to cleaning air already precleaned. 
The Hansen resin-impregnated filter was developed for mas's 

protecting against toxic smokes and is discussed on page 337. A 

very full account is given by Davies (100). The results on masks 

and dust respirators are so good that there is every reason to 

expect the adaptation of the Hansen idea to commercial filters 

(40). At present such filters are being tried commercially at both 

hiirh and low loadings. 
Another innovation is a filter of glass-asbestos paper which can 

be used at temperatures as high as 550°F (280) and is resistant to 
• o i;Vp orid mists The efficiency of this class of filter is 

suspensions like acid mu • , „nfi there is 
as near perfect (see Table 45) as we are likely to W*., anc^ there 

good reason to expect their ultimate adaptation to industrial 

problems. 
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Bacterial Filters. Wells (440) showed that pathogenic bac¬ 

teria can remain alive in ordinary air or in the air of hospital 

wards for long periods of time. An easy method of purifying 

such air is to pass it through an adequate filter. Tolman (415) 

investigated fdters for surgical masks and found that a rather 

porous cheesecloth-type filter performed efficiently if kept wet. 

His best results were obtained with a hard felt which offered a 

resistance of 13 cm at 15 fpm. By making the area of the mask 
800 cm2, the resistance was kept down to 2.5 cm at ordinary 

breathing rates. 
Reece (345) found that the filters of respirators, approved by 

the U.S. Bureau of Mines for fine silica dust, gave good protection 

against bacteria. At constant velocity of approach (8.0 fpm) the 

filtering efficiency of the common filter materials was a function 

of the pressure drop. 
There is little doubt that the modern high-efficiency filters 

would be effective in removing bacteria from air or other gases. 

Presumably the loading would be low and the filters could be 

replaced and burned when dirty. Lidwell (284) reported good 

bacterial removal by a two-stage precipitator, while Decker et al. 
(107) got good results with a combination of precipitator and 

glass-fiber filter. Decker showed that a 99 per cent removal 

could be had with filters of pressed glass fibers alone, using the 

fine size fibers only. 



CHAPTER 16 

SCRUBBING AND ELECTRICAL PRECIPITATION 

SCRUBBERS 

The success of scrubbers depends on their ability both to wet 

and to retain the particles of dust from the air stream. It is easy 

to wet at least 50 per cent of almost any mineral dust by simple 

sprays. The difficulty is to keep efficiency at 70 per cent or 

better. 

Fig. 132. Type W ilotodone. (Courtesy American Air Filter Company.) 

'Ihere are two general types of scrubbers: (1) the mechanical- 

centnfuga1 type in which the exhauster is part of the unit and 

® ‘he mertial type with baffles and vanes and a separate exhaust 

sl,mvnClIaniCal'CTtr!fU£al Scrubbers- In rigs. 132 and 133 are 
•shown two popular types of these scrubbers. In Fig. 132 the 

321 
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dusty air is sprayed as it meets the moving blades of the exhaust 

fan, and in Fig. 133 dusty air passes first across the surface of a 

water bath and then makes further contact with wet surfaces and 

spray as it passes upward. 

Inertial Scrubbers. If dusty air is led in tangentially at the 

bottom, instead of at the top, and then sprayed either concur- 

Fig. 
.33. Type N ltotoclone. 0Courtesy American Air Filter Company.) 

rent.ly or countercurrently, a fairly effective cleaning takes place 

,Filr 134). Better results are apt to be obtained from con 

mcrcial'ly available scrubbers or towers (Fig. 13o) w "' usua •' 

have better provision for baffling and directional changes. 

In all scrubbers entrainment eliminators are very impo.tan 

not only to prevent carry-over of 

i ifs r:£gti s 
, aw 
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25,000 cfm, and pressure drop is low.1 They do best on heavy 

loadings of suspensions of fairly large particle size like dusts fiom 

foundry shakeouts. There are some examples of successful 

scrubbing of fumes and smokes, but they are the exception—on 

fine particles, as of pigment size, they are likely to give poor 

Fio. 134. Schematic view showing elements of Pease-Anthony cyclone scrubber. 
(Courtesy Chemical Construction Corp.) 

recoveries. Corrosion troubles are often considerable but usu¬ 

ally can be overcome by careful choice of materials of construc¬ 

tion. In crusher houses and in concentrating mills of smelters 

the ultimate separation of the various minerals in the rock is often 

done wet so that a scrubbing process can clean the dust thrown 

off from ciushing operations and return it wet for final separation 
and classification. 

The wettability of various dusts, fumes, and mists is not easj 

1 The Pease-Anthony Venturi scrubber is an exception. Resistance i< 

excellent6 "ndt\ t0 heavy Ioadin*s> collecting efficiency fa excellent, and there are no moving parts. 
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to predict. Even soluble aerosols can be difficult to wet. For 

example, sulfuric acid mist and ammonium chloride consist of 

particles or droplets which are very soluble, once collected. As 

aerosols, they can be passed through a series of gas washing 

Fig. 135. Wet cyclone dust collector. 
(iCourtesy Claude B. Schneible Company.) 

bottles and escape as a dense white cloud. But if either aerosol 

is passed through a 

considerable power, for the sintered bub'dcr has 

jttZSSZS ..—- 
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tion of sulfide ores. These wetting agents promote foaming and 

can be used only in trace amounts. 

In laboratory models of scrubbers one can blow fine talc dust, 

which is difficult to wet, up through a series of perforated trays on 

which are 1- or 2-in. layers of water, kept there by the air cur¬ 

rents in a manner mindful of an air lift. The demonstration is 

impressive, and one would think that collection efficiency must 

be very high, but it is not. Further it is not improved sig¬ 

nificantly by changing the pH of the wash water or by adding 

wetting agents. 

In the absence of a performance guarantee it is unwise to 

install scrubbers without a reasonable trial on a pilot plant or at 

least on a laboratory scale. Firms supplying scrubbers gen¬ 

erally are glad to help on such trials either at their own labora¬ 

tories or on the premises of the purchaser. 

In Table 46 are given dust recoveries by various types of com¬ 

mercial wet collectors (110). These data are from field tests 

made by the Harvard Air Cleaning Laboratory as part of its 

contract with the U.S. Atomic Energy Commission. 

ELECTRICAL PRECIPITATION 

Cottrell Process. The coagulating action of high-tension cur¬ 

rent on smoke particles was noted in 1824 by Hohfeld (236) and 

again by Guitard (368) in 1850. In 1886 Lodge (288) demon¬ 

strated the fact that high-tension current could cause precipita¬ 

tion oi coagulation. He actualljr applied the principle to 

smeltei-smoke collection, but the installation was not a com¬ 

mercial success. In 1911 Cottrell (82) published the description 

of his sulfuric acid mist precipitator installed in 1909 at Selby, 

Calif., and stated that he applied new equipment and construc¬ 

tion to “fundamental processes long since laid open to us by 

the splendid pioneer work of Lodge/’ Good accounts of this 

development were given by Gibbs in 1924 (183) and by Schmidt 
and Anderson (368) in 1938. 

Cottrell transformed the ordinary a-c power to 20,000 to 30.000 

vo ts, commutating this high potential current by means of a 

special rotary contact maker driven by a synchronous motor.” 

Lodge had tried Wimshurst’s machines and later used mercury- 

arc reel,hers. Neither device was satisfactory. Cottrell had 

noted ,n laboratory experiments with SO, that precipitation took 
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place either from a wire to a plate or from a wire to the walls of a 

pipe in which the wire was hung axially. Better results were 

obtained when the wire was made the negative electrode and the 

collecting electrode was made positive and was grounded (Figs. 

136 and 137). 

The operating efficiency of the Cottrell precipitator is usually 

about 90 to 95 per cent on metallurgical fume and close to 100 per 

ELEVATION 

Fig. 136. Schematic diagram oi plate-type precipitator. {Courtesy Western 

Precipitation Corporation.) 

cent on acid mist. The discharge gas must pass to the mam 

stack. It is never recirculated as it is irrcspirable because of the 

ozone and nitrogen oxides generated by the corona discharge 

Placed 0,1 the roof or top story of the 

buildings with the rectifier house immediately adjoining Th 

r:-stC- ktpe. “all ones can be operated from vacuum 

tubes. 

Cottrell precipitators have been very 
successful in handling 
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various kinds of dusts, fumes, and mists at temperatures well 

above those which injure filter cloths. In smelting one com¬ 

monly treats dusty gases containing enough S02 to damage filter 

cloths. The precipitators (pipe or plate type) can be cleaned of 

HIGH-VOLTAGE 

-INSULATOR COMPARTM 

SUPPORT INSULATORS 

INTERMITTENT OVERHEAD SPRAY NOZZLES 

HIGH- 

TENSION 

DISCHARGE 

ELECTRODES 

WATER PONDS 

INLET FLUSHING SYSTEM 

^/FOR PIPES AND CONE 

HEADER SHEET 

COLLECTING ELECTRODE PIPES 

HIGH-TENSION 

’electrode 

Vrli^LioltZfZiotT™ °' PiP<”tyPe PreCipitat°r- W“‘™ 

thch- accumulated dust by rapping, which is done mechanically 

with the current shut off. Or they sometimes can be cleaned by 
washing down with water. 

There is no lower size limit to the particles a Cottrell unit will 

collect. It works just as well on metallurgical smoke of colloidal 
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size as on coarse pigments. There is no problem of resistance, as 

in cloths; so power consumption to move the dusty air through 

the units is minimal. 

In capacity, the Cottrell units start at a few hundred cubic 

feet per minute and have no real upper limit. Their initial cost 

is higher than their counterpart in bags or cloth screens, but their 

upkeep is less. The greatest item in their favor is their extreme 

flexibility. 
Two-stage Precipitator. This unit was developed primarily 

for use in air-conditioning systems (333). The operation, con¬ 

struction, and performance is quite different from that of the 

Cottrell. The ionizing wires are maintained at a positive poten¬ 

tial of 12 to 13.5 kv anti are strung just in front of the collection 

plates, Fig. 138. The plates are charged positively at about 6 kv. 

The positive side is grounded in both sections, with the net 

result that this unit, unlike the Cottrell, presents no danger from 

electric shock, uses less power, generates little or no ozone, and is 

approved for use in ordinary residences. 
The distance between the plates is kept at about % in., and the 

plates are ordinarily about 10 to 12 in. deep. Various adhesives 

are used on the plates to prevent entrainment of precipitated 

dust. There are several modifications in which the collecting 

plates are in sections that can be drawn through a cleaning bath 

of oil so that the unit then becomes self-cleaning. As a safeguard 

against power failure these precipitators are often followed by 

filters, but in air conditioning such precautions may not >e 

liable 47 are given some performance data (154) from tests 

of some typical two-stage precipitators at capaat.es of 1800 to 

97 ]50 cfm Efficiencies varied from 50 to 97 per cent, repre¬ 

senting bad and good practice. In our experience there >s no 

reason why those units should not run consistently at JO per ce 

°r Roth types of precipitator can be made on a laboratory scale 

,1 Will rive a useful forecast of the performance of the plant-size 

precipitators. The small precipitator, described by Tolman Wo. 

(416) can be made from inexpensive equipment an s an 
1 } ’ ,, i;u n Cottrell. A modification ol the 

glassware. It operates like a ton ,„horatorv work was 

modern two-stage prccipitatoi sin a > Improved models 
first described by Barnes and Penney (24). Impioie 
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can be obtained from several supply houses or be assembled in 

the laboratory (see Fig. 64). 

The a-c all-glass precipitators described by Drinker (120) (see 

Fig. 62, 63) have no large-scale counterpart. They work well in 

r\ 
* 

IONIZER 

TO CHARGE 
PARTICLES 

6000 V 0-C 
TO POSITIVE 
COLLECTOR PLATES 

SOURCE OF 
HIGH VOLTAGE 

\ E 
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\ AIR bt*lf 

BAFFLE 

tSTRlBUTE 
IIFORMLY 

POWER PAO< 

13000V D-C 
TO IONIZER 
WIRE ASSEMBLY 

K,o 138. Two-stage precipitator showing ionising chamber followed by collector 

cell. (Courtesy Weatinghouae Electric Corporation.) 

small units only, and efficiency falls off very rapidly as the tube 

'diameter is inc,eased beyond about 1.5 in. As it uses no rectifier, 

it is the easiest and cheapest of all to assemble. 



CHAPTER 17 

DUST RESPIRATORS AND AIR MASKS 

A dust respirator is a filtering device for removing particulate 

impurities from inspired air. The filter does not catch gaseous 

impurities, and therefore the respirator is not a gas mask. The 

respirator usually protects both the nose and mouth, and pro¬ 

tective goggles are sometimes embodied in the facepiece which 

must be light and durable. It is commonly made of rubber, 

Fig. 139. Ilesin-impregnated filter in 
approved respirator with cloth facelet. 
(Courtesy American Optical Company.) 

Fig. 140. Approved respirator with 

resin-impregnated paper filter, pleated, 
in light plastic frame, soft rubber face- 

let. (Courtesy Mine Safety Appliance 
Company.) 

aluminum, or plastics. The edge of the facepiece is lined with 

material such as soft rubber, either sponge or inflatable, which in 

turn can be covered with changeable cloth facelets (Figs 139 and 
140). 

The filter medium may be made of paper, wool, cotton, wool- 

asbestos, cellulose-asbestos, Fiberglas, and various combinations 

of these substances. The filter may be renewable or may be 
permanent. 

An air mask, intended for use in dusty atmospheres, 

333 
requires a 

i 
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source of compressed air which is delivered to the wearer through 
a suitable hose connection, Fig. 141. There is no filtering or 
chemical action within the mask itself. The compressed-air line 
is connected to the wearer’s belt with a short length of hose lead¬ 
ing to the headpiece. 

There are some supplied-air masks available today in which 
the air is contained in a light flask carried by the wearer, or the 

Fig. 141. Use of air-line respirator. (Courtesy Mine Safety Appliance 
Company.) 

flask may be put on the ground conveniently near him (4 lg. 142). 
All supplied-air masks must be suitably valved and regulated so 
that pressures at the mask cannot be too high for safety or for 

comfort. , 
It used to he said that respirators were simply a lazy excuse to! 

avoiding dust control. We quite agree that they shou d serve 
merely as a second line of defense, but there are plenty of jobs in 
which they can and should be used, not as a substitute for dust 

control but as a necessary adjunct. . , 
We have seen many plants, both old and new, m w ic 

attempts to achieve good dust control have not given adequate 
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-results. Crusher houses are a good example—they may handle 

anything from 100 to 10,000 tons of rock a day and he operated 

by a few full-time men and possibly one or two mechanics who 

inspect machinery for a small part of the day only. The plant 

may be highly mechanized and typical of the modern push-button 

“•,U-of dem,and-type air-line respirator for operator of a pavloader 
handling lead fume. (Courtesy American Smelting and Refining Company.) 

variety. 11 dustiness is to be kept consistently below the 10-mil 

lion particles per cubic foot level, the cost of dust control can 

.ecome excessive It is better in such a case to install control at 

he 50- to 100-million particles per cubic foot level and require 
the intermittent use of good respirators 

The requirements for ventilation and dust control in various 

a °mlc elK‘rKy Plants are extremely severe. Everything 
possible is done, often at great cost, to achieve a high degree of air 

< eanlmess, and yet the results may not be good enough. Any¬ 

one wo visits certain parts of these plants or works in them is 

required to wear the best-grade respirator available. After “e! 

» 
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no matter how brief, the respirator is cleaned and tested for 

radioactivity before it is reissued. 

DUST RESPIRATOR 

History and Development. A review of this subject was given 

by Katz et al. (253) in 1926 and again by Drinker and Hatch (124) 

in 1935. Davies (100), in England, in 1949 presented a good 

review of the filters used in combat gas masks and discussed their 

possible application in industry. Brandt’s (49) chapter on 

respirators has an excellent section on their selection, use, and 

care. 
Katz et al. (253) showed clearly the relationship between resist¬ 

ance to breathing and filter area. They made a respirator in the 

shape of a hat or helmet with the breathing tube leading to the 

wearer’s nose, the mouth being left unprotected. Kobrak (262) 

in 1911 had a somewhat similar idea, but nothing of the sort, so 

far as we know, ever got into commercial use, presumably 

because all models were too cumbersome and impractical. 

Toward the end of World War I smokes were used for screening 

troop movements. It was only a step to mix lethal wai gases 

with toxic smokes, which are harder to catch than are gases like 

chlorine or phosgene. The gas-mask filters had to be improved. 

This was done in the United States by immersing the cannister 

frame in a suitable cellulose-fiber emulsion (as in a paper beater) 

and sucking the fibers on to the cannister frame. Such a pro¬ 

cedure attains uniform porosity and uniform resistance to air 

flow, something which is not found in ordinary paper, felt, oi 

cloth. , • 
Any such filter can be improved if a carbonaceous smoke is 

drawn through it, preferably at air speeds well above those attain¬ 

able by a man when wearing the finished mask. A paten on 

plugging method was granted to Kuhn ah (265) and 

some commercial dust respirators after World War I had filters 

so made. Barreto el al. (28) in 1927 plugged commercial felts and 

thick paper with fresh MgO and AW), smoke and thereby 

improved the performance of various dust respirators. All sue 

pTugghig works best on thick fibrous filters rather than on thm 

ones. The finished filters can be kept "’.tbi" roasonable ' oi, ^ - 

ance limits, and the plugging needed is so slight that .£ «■ 
fected by handling, shaking, rapping, or blowing out with 
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hose. The filtering efficiency can be brought to an extremely 

high figure. 
In 1938 Sacld et al. (300) described the preparation of respirator 

filters from carding a mixture of asbestos fibers and merino-wool 
noils. The final filter had a high efficiency and low resistance, 
and accumulated dust could be knocked off easily. The resin- 

impregnated filter, suggested by Hansen of Denmark in 1930, is 
very fully described by Davies (100). This innovation has great 

promise, and today there are several dust respirators available in 
which the filters are resin impregnated and yet are cheap enough 

to discard when fouled. Another recent improvement is the 

cellulose-asbestos filter developed by the Army Chemical Corps. 

While not intended originally for use in dust respirators, the per¬ 

formance of this filter is so good and the cost is so low as to make 
its application to dust respirators entirely practical. 

In 1919 the U.S. Bureau of Mines, through its Experiment 
Station at Pittsburgh, began issuing schedules (331) for testing 

respiratory protective equipment of all kinds. These schedules 

now include (1) supplied-air respirators (426) such as oxygen- 
breathing apparatus and all kinds of air masks (423), (2) chemical 
filter devices such as gas masks (427), (3) dust respirators (424), 

chemical-cartridge respirators (425), and (4) various combina¬ 
tions and modifications of 1, 2, and 3. Under these schedules 

the manufacturer of protective equipment can, for a reasonable 
fee, have his product tested and approved by the Bureau, a pro¬ 

cedure which has had wide acceptance not only by American 
industry but abroad. 

lhe Bureau will not test equipment until satisfied that the 
manufacturer himself has made the same tests and that the 
device has passed them. All their literature can be had for the 

asking. Protective equipment is a field in which changes are 
certain; it is highly competitive, and the Bureau goes to some 

pains not to impede but to stimulate the devising of improve¬ 

ments. Consequently their approval lists need and get frequent 

from^h nstances ot Sllch revision are given by Pearce (331) 
fiom whose paper we cite two examples. 

rn response to a general demand the Bureau put out an 

against mixt,r fCartridge reSpirators «3) for protection 
against mixtures of vapors and mists or dusts They were 

intended especially for short and moderate exposures as in pain* 
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spraying, stenciling with an airbrush, coating the facings of dried 

molds in the foundry, and for welding fumes. The cartridges 

contain absorbents, such as soda lime, silica gel, activated carbon, 

and a filter to remove particulates. After a few years’ trial, the 

Bureau felt that such approvals should be limited to acid mists, 

as in electroplating, and to aqueous mists, such as silica suspended 

in water, and the schedule 

will be modified accordingly. 

Until recently one assumed 

that respirators, approved for 

lead fume, would give ade¬ 

quate protection against other 

toxic fumes because the lead- 

fume test is very exacting. 

But lately the U.S. Bureau 

of Mines “decided to limit 

the approval of . . . dust 

and fume respirators to dusts 

and fumes that are not sig¬ 

nificantly more toxic than 

lead.” Thus, if one wants a 
Fig. 143. Cartridge respirator for pro- respirator approved for lise 

"CoS ana "<« against beryllium dusts and 
Mine Safety Appliance Company.) fumes, parathioil, or radio- 

active dusts, the tests must be made against these substances 

and not against lead dust or lead lume. 
Velocity and Resistance through Respirators. It used to 

assumed that the two halves of the respiratory cycle were about 

of gas masks. I showed however, that, peak 
World War II Silverman etal. (384) showed nov , 

velocities on both inspiration and 144) tha„ 
volumes, are more nearly three times the aveiage (1 ifc 

twice. 
It is customary, at present, to 

test filtering efficiency of dust 
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respirators at 32 liters/min, although resistance before and after 

dusting is measured at 85 liters/min. It would be better, in our 

opinion, to measure both resistance and efficiency at 120 

liters/min. Such filter tests are easier to make, especially when 

using very low concentrations in the test suspension. 

The Army Chemical Corps tests with a “breather pump” to 

simulate the human respiratory cycle and can produce minute 

volumes as high as 150 liters/min. From the laboratory stand¬ 

point there is no special reason to test efficiencies at a steady flow 

-the breather-pump technique is just as easy to use as the steady 

flows. If any great volume of such testing is to be done, it can 

be highly mechanized and both efficiencies and resistances can be 

recorded. 
The U.S. Bureau of Mines presently requires that respirators 

after dusting at 32 liters/min shall not have a resistance above 

50 mm of water on inhalation and 25 mm on exhalation, both 

measured at 85 liters min. 
It is to be noted that resistance on expiration is half that 

allowed on inspiration and applies to all types of respiratory pro¬ 

tective equipment. This requirement is based on sound physi¬ 

ology as even trained subjects, such as troops in wartime, cannot 

get along well if the resistances of their masks get above 100 mm 

on inspiration and 50 mm on expiration. Persons suffering from 

asthma are bothered by difficulty in exhaling and actually breathe 

out against resistances which may go as high as 100 mm, but 

the ordinary individual never experiences anything remotely 

approaching such figures (1). 
Leakage. Some very good filters have been used on dust 

respirators only to have the assembly spoiled by miscellaneous 

leaks, especially around the facepiece and even through the 

valves. To detect such leakage before going to the trouble ol 

full-scale testing, Brown (56) had men with various lacial con¬ 

tours wear the respirator in question and then quirted fine coal 

dust around the edges of the facepiece or directly at the valve • 

If there are leaks, the results are promptly evident on the faces 

thlWstopTeS leakage4 test we often use in the field is to have the 

worker report to the first-aid room or the doctor’s office, spin} 

his nose and throat, and have him blow his nose on a 

of gauze, then let him go about his job wearing h.s respirator 
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intended. After a time have him report again, look for dust 

streaks on his face, examine the respirator, and again have him 

blow his nose on clean gauze. Such a test appeals to anyone s 

common sense and lifts respirator wearing out of the disciplinary 

regime into that of reason. 
Valves. If one uses a respirator without valves, the inspired 

air quickly becomes hot and moist and the CO2 can increase to 

Fig. 145 Results of coal-dust test for facial leaks of dust respirator. (After 
Brown, courtesy J. Indust. Hyg. & Toxicol.) 

noticeable levels. The incorporation of good valves, of low 

resistance to air flow, and reduction of dead space reduce the 

respiratory effort. ^ alves must have a low opening pressure and 

Quick closure at the end of each respiratory cycle. The inspira¬ 

tory valve will remain dry, but the expiratory valve, especially in 

heavy work, will get damp or even wet. The valves should be 

interchangeable, for simplification, but they must seat perfectly 

and not stick from accumulated moisture. If they stick, they 

usually open with a pop which is annoying and takes extra 
breathing effort. 

In Fig. 14G are curves from Silverman et al. (383) which show 

the opening pressure of several valves for masks available in 

W orld War II. Clearly the Japanese valve was the best (Fig. 

147) and was promptly adopted, in modified form, by industry 
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The opening pressure of this valve, by extrapolation, is close to 

zero; it seats easily and perfectly; and it is unaffected by exhaled 

breath. Silverman tested all dust respirator valves available at 

Fig. 146. Opening pressures of gas-mask valves tested during World War II. 
Resistances and flows actually measured are indicated by solid lines. Dotted 
lines were extrapolated. (Courtesy Leslie Silverman. OSRD declassified paper.) 

that time (1942), and none were so good as the Japanese war- 

mask valve, but several came close to it. 

Filtering Efficiency. The Bureau of Mines measures filtering 

efficiency on new filters and on those which have been dusted 
for 4 min. In the case of silica-dust 

respirators the test suspension is kept 

at 50 ± 10 mg/cu m; less than 4 mg 

in a 30-min test is permitted to pass 

through the filter. With lead fume, 

concentrations are kept at 15 i 5 

mg/cu m, and only 0.43 mg is allowed 

to pass in two successive test periods 

of 156 min each.1 Specifications for 

filtering efficiency can be varied to suit 

the job for which the respirator is intended, and necessarily the} 

must be drawn to cover a wide variety of requirements. 

i On p. 273 we discuss the generation of dust and fume clouds for test 

purposes. 

Fig. 147. Low-resistance 

rubber valve, (( ourtesyLes¬ 
lie Silverman and Acushnet 
Company. OSRD declassi¬ 

fied paper.) 
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Supplied-air Respirators. The Bureau will not approve 

mechanically operated blowers for men wearing hose masks in 

irrespirable atmospheres from which they could not escape 

unaided. This limitation is directed toward industrial situations 

only, but we question whether it is necessary today. If men can 

do deep diving, about as dangerous a job as there is, and depend 

for their air solely on mechanical compressors, it would seem 

reasonable to supply such air to men entering tank cars, bag- 

houses in smelters, gassy or smoky cellars, and the like. We 

would, however, insist on a man watching the manifold which 

should be equipped with a reliable gage, alarm, or flowmeter so 

he can make sure that the man wearing the mask is getting his 

proper air supply. 

Divers are usually equipped with two-way telephones which 

can easily be installed in industrial hose masks or gas masks. In 

air-mask equipment, life lines, belts, and connections must be of 

the best. Hose lines have to withstand squashing, as £>y a truck, 

and must be proof against penetration by oil or gasoline. If air 

can be taken from the compressed-air line, then small-bore pres¬ 

sure hose, which is flexible and impermeable, can be connected 

from the manifold to the wearer and fed out to him from a reel 
with a spring winding device. 

In 1936 Bernz and Drinker (38) reported a fatality from carbon 

monoxide in compressed air supplied to a sand blaster. An 

exhaust valve in the compressor, back at the powerhouse, broke 

and immediately became overheated. Apparently enough CO 

v as generated from the lubricating oil to cause the fatality. As a 

result it is now common to supply compressed air from units using 

no internal lubrication.1 However, we have used and do not 

hesitate to recommend air from internally lubricated com¬ 

pressors when proper precautions are taken. Such compressors 

are standard equipment in diving; so there is ample precedent for 
their use in industry. 

Obviously a good air supply is imperative. This means air free 
?m 0,1 aTn<1 water> something which the engineer easily can 

achieve. It might be pointed out that paint spraying requires 

'The Nasi, Engineering Company, South Norwalk, Conn makes a low 
pressure compressor which the air has no contact with oil Tl 
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clean air, free from entrained water or oil, and the same air line, 

known to be CO-free, is now used regularly by paint sprayers on 

routine production jobs. 

The quantity of air supplied to a man doing abrasive blasting 

ought to be about 3 to 6 rfm, and there is no reason why he should 

not adjust the flow to suit himself. Common sense shows the 

danger of giving him full pres¬ 

sure, such as 60 psi, which can 

be avoided by connecting the 

line to a suitable valve or 

reducer, preferably right at his 

belt. 
Abrasive-blasting helmets 

(Fig. 148) should have an 

escape valve through which a 

perceptible air stream contin¬ 

ually is vented. The volume 

of air supplied should exceed 

the man’s respiratory require¬ 

ments severalfold; otherwise a 

big breath can cause inleaks of 

dust through the vent valve. 

Generally these blasting hel- 

(Cw- mets and the man’s protective 

clothing are hot so that excess 

air is pleasant, and most of it escapes down through the clothing. 

If a helmet has too low an air supply, the wearer can detect, on 

his eardrums, slight negative pressures on each inspiration an 

unpleasant and wholly needless experience. 
4brasive-blasting jobs are apt to he assigned to men oi com¬ 

parative inexperience. In cleaning castings we have seen a good 

regime spoiled by an ignorant workman who shut oil his a , 

took off his helmet, opened the doors of the blast cabinet, a: 

then blew the loose dust off the casting—no abrasive was passing 

through the hose; so he did not care whether he had respiratory 

'’’ paint-spray'masks, like dust respirators, have small volume or 

dead space ' The air supplied should exceed respiratory requne- 

ments but need not be much above 2 cfm, or it will be 

The facepiece usually has a double head strap as it must take 

Fig. 148. Sand blast helmet. 
tesy Willson Products, Inc.) 
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weight of the hose which leads lip from the belt. We have had 

jobs in which it was best to use full-size gas-mask facepieces to 

prevent eye irritation from the spray vapors. There are, how¬ 

ever, many more examples of the applicability of air masks to 

work in which eye irritation is not involved. 

Donald E. Cummings, who mixed a healthy amount of common 

sense with his preventive medicine, tried to have miners wear air 

masks when doing actual mining work like drilling (87). In 

spite of his persuasive enthusiasm, the idea was soon abandoned 

as being impractical, and ade< juate dust control was achieved by 

other means. 

It is entirely practicable today to equip crane operators, who 

may have well-paid key jobs in the plant, with air masks for 

which the supply is from flasks carried in the cab (see Fig. 142). 

The alternative may be enclosing the cab and air conditioning it, 

which is more expensive. Some of the crane jobs involve only 

intermittent work over furnaces, carrying ladles of molten metal, 

and the like, and they can be very hot and smoky. A good air 

supply to the operator makes him more comfortable and ventilates 
his clothing. 

Cost and Upkeep. All this equipment should be inspected for 

wear and tear and defective parts replaced as needed. The life 

ol facepieces and various rubber parts is by no means indefinite. 

Usage and sweat cause the rubber to harden and crack. Valves 

do not last indefinitely, and hose lines and reducing valves have 

to be checked often. Filters must be cleaned or renewed. 

If dust respirators are used routinely, they should be turned in 

regulaily, preferably daily, thoroughly cleaned and reissued the 

next day. Ihere is no reason to require special sterilizing— 

scrubbing with warm water and soap, rinsing, and air drying in a 

clean place is entirely adequate. It has been our experience that 

plants having such a service station favor respirators with filters 

cheap enough to discard, rather than filters which have to be 
cleaned. 

At this date there is not much difference in price of various 

makes of respirators having U.S. Bureau of Mines approval 

Dust respirators cost about *1.40 to *3.50 each in quantity, with 

(liter replacements at something like 6 to 30 cents. One laree 

company we know serviced in one of its plants in one month 

4110 dust respirators, 282 chemical-cartridge respirators, 28 
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metal-fume respirators, and 21 air-line respirators. Accurate 

cost accounting was kept and showed that the daily service 

charge was 42 cents per dust respirator, 75 cents per chemical 

cartridge, 65 cents per metal-fume respirator, and $1 per air line. 

Another company, with quite different protective problems, 

estimates costs per respirator per day. It costs them 2.6 cents 

per day to service each dust respirator and 1.7 cents to service 

metal-fume respirators, both of which types are used in sub¬ 

stantial quantities. As they could not get facelets which with¬ 

stood a reasonable amount of laundering, they designed their own 

with nylon stitching and nylon cross threads and found they 

could use them about five times before discarding. Figuring 

another way, they estimate their prorated costs of dust respira¬ 

tors, including repairs and complete servicing, at 10.2 cents per 

day and those for metal-fume respirators at 7.3 cents. 

Both of these companies have thoroughly modern medical and 

industrial-hygiene departments. The first believes in replacing 

the filters or cartridges after usage, no matter how brief, while 

the second replaces any part their daily inspection indicates is 

necessary. Obviously the second method is less costly, but there 

is much to be said in favor of the first. 
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Bacteria in air, determination of, 

124 

Bacterial filters and respirators, 320 

Baratosis from barium sulfate, 58 

Barium compounds, permissible con¬ 

centrations, 112 

Barre granite study, 81, 108 

Barrel filling, dust control in, 223, 

257 

Bausch and Lomb counter, 142-144 

Bauxite, 51 

Bentonite, test of potency, 49 

Beryllium poisoning, epidemiology 

and prevention, 54-55 

Bituminous coal (see entries under 

Coal) 

Blast-furnace gas, dust measurement 

in, 30 

Blast gates, objection to, in dust 

exhaust systems, 262 

Blood cells, size of, 81 

Breather pump for mask testing, 

340 

Bronchi, anatomy of, 31-33 

Bronchial asthma from debarking 

maple trees, 74 

Bronzing powder, explosibility of, 

102 
Brownian motion, 15 

Bubar’s apparatus for dust sam¬ 

pling, 166 

Byssinosis, 35, 75 
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Cadmium oxide, effect of, G4 65 

Cadmium oxide fumes, permissible 

concentration, 112 

Cadmium powder, explosibility, 102 

Calcite, 48 

(See also Calcium carbonate) 

Calcium carbonate, harmlessness of, 

56 

test of potency, 48 

Calcium carbonate dust, retention 

of, by man, 90-91 

settlement of, 274 

Cancer of lung from dusts, 46, 63-66 

Capture velocities required in vari¬ 

ous processes, 257 

Capture velocity and exhaust venti¬ 

lation, 243-246 

Carbon black, particle size of, 81 

Carbon dusts, 53-54 

(See also Coal dust) 

Carpathian miners, silicosis among, 

40-41 

Cartridge respirators, 337-338 

Cascade impactor, 144-146 

efficiency of, 146 

vs. thermal precipitator, 146 

use in size measurement of par¬ 

ticles, 179-182 

Castings, exhausts for jet cleaning 

of, 253 

Castor-oil beans, toxicity of dried 

residue, 73 

Cement, harmlessness of, 56 

permissible dustiness, 110 

test of potency, 48 

Cement plants, number of men in, 96 

Chert, 77 

Chimneys (see Stack discharge) 

Chip traps in exhaust systems, 265 

Chlorite in mine air, 84 

Chromate dust, effect of, 64 

Chrysotile asbestos, 45 

Cilia and dust inhalation, 33 

Clay, selective settlement from 

foundry dust, 87 

various, effects of breathing, 49 

52 

Cleaning efficiency, definition, 273 

(See also under various appa¬ 

ratus) 

Clouds, definition of, 2-3 

Coal dust, exposure in mining opera¬ 

tions, 96-98 

pathogenicity and rank of, 54 

permissible, 109 

test of potency, 49 

Coal dust explosion, cause and pre¬ 

vention, 100-101 

Coal miners’ lungs, 53-54 

analyses of, 104-105 

Coal miners’ pneumoconiosis, epi¬ 

demiology, 41 

social consequences of, 54 

time-dustiness studies of, 116 

Coal mining, water infusion in, 218 

Coal trimmers, report on, 53 

Cocoa, explosibility, 101 

Conveying velocities for various 

materials, 263 

Copper, 70 

arsenical ores of, 65 

Copper oxide, metal-fume fever 

from, 70 

Copper powder, explosibility, 102 

Cornstarch, explosibility, 101 

Corundum smelter’s lung, etiology 

of, 51 

Cotton flock, collection by cyclone, 

efficiency of, 293 

Cotton-mill fever, 75 

Cottrell process, 325-330 

Count-weight conversion in dust 

sampling, 109, 120-121 

Count-weight relation of particulate 

size, 194 

Cristobolite, 77 

Crushing of rock, dust control in, 257 

Cryolite, 69 

Cummings’ elutriation method, 

183-185 

Curve fitting in size-frequency meas¬ 

urements, 195 

Cyclone, 288-294 

performance test of, 293 

wet type, 324 
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Dust, toxicity of various, 59-70 

wettability of, 323-325 

Diamond dust, harmlessness of, 77 

Diatomaceous earth and silicosis, 77 

Diatomite, test of potency, 48 

Differential fusion for quartz deter¬ 

mination in dusts, 211 

Diffusion, role of, in air filtration, 

297-298 

Disaggregation and shattering of 

particles bjr impinger samplers, 

138, 141, 144, 151, 152, 163, 167 

Discharge stacks, 277-280 

Dispersion of dusts for microscopy, 

171-174 

Dispersion force in relation to ex¬ 

haust systems, 231 

Dolomite, galena, and quartz, selec¬ 

tive settlement, 86 -87 

for rock dusting of coal mines, 100 

solubility of, 56 

test of potency, 48 

Donora pollution report, 1 

Dunn counting cell, 153 

Dust, allergic reactions from, 31, 72 

analysis, chemical and mineral- 

ogical, 200-212 

chemical composition, 83-88 

definition of, 2-3 

disintegration and selective settle¬ 

ment, 83-88 

dispersion and control of, 15, 171, 

231 

explosibility of, 98-103 

fate of inhaled, 33-35 

ingestion by phagocytes, 33, 39 

inhaling vs. swallowing, 59 

microscopy of, 171-199 

optical properties, 26 

permissible concentrations, 106- 

112 
physical properties of, 1-30 

physiological effects of, 31-55 

(See also specific subjects, as 

Silicosis) 

radioactive, 62 

retention of, by man, 89-95 

for rock dusting of coal mines, 56- 

58 

silicotic potency, 48, 83, 100 

Dust clouds, production of, for test¬ 

ing, 93, 274-276 

settlement of, 24-26 

Dust concentration, absolute, deter¬ 

mination of, 126 

accuracy required in measuring, 
119 

count-weight conversion, 98, 120- 
121 

determination of, 123-165 

by electrical precipitator, 155- 

160 

by filtration, 126-132 

by impingement, 132-155 

by thermal precipitation, 160— 

162 

various, found in practice, 97-99 

Dust collectors (see Air cleaning; 

Air filters) 

Dust control, air displacement and, 

221-226 

capture velocities required for, 257 

by enclosures, 228-229 

local exhaust systems for, 230-272 

methods for, 213-229 

plant operation and layout, 226- 

229 

by process change, 214-215 

and silicosis, 107 

at source, 214 

by sprays, 26, 220 

by wetting at source, 216 

Dust counting, conversion of count 

to weight, 98, 109, 121 

by light- and dark-field micros¬ 

copy, 80, 152, 155 

by micro projection, 154 

overlapping of particles in, 142- 

146 

(See also under various apparatus) 

Dust explosions, 98-103 

apparatus for determining risk of, 

101 
effect of particle size on, 102 

Dust-feed devices for filter testing, 

93, 273-276 
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Electric precipitator, for particle size 
Dust loadings, definition, 273 

determination of, 113-122 

in practice, 280-282, 205 

Dust particles, size of air-borne, TO¬ 

SS 
size frequency, 179, 191-199 

size limits in microscopy, 80 

specific surface of, 189 

Dust respirators, 336-346 

cost of upkeep, 345-346 

detecting leakage of, 340-341 

filtering efficiency, 342 

filters of uniform porosity, 336 

history and development, 336-338 

valves for, 341-342 

velocity and resistance through, 

338-340 

Dust sampling, for chemical and 

mineralogical analysis, 200 

instruments for, 163-165 

man as instrument for, 117 

from rafters, 203 

rate, air volume, and frequency, 

114-118, 166 

size separation, 201-203 

Dust storm, 1 

Dust survey, 113-122 

Dustiness, engineering control and 

sampling, 119 

fluctuation expected, 115 

permissible, 106-112 

seasonal variations in, 119 

Dusty trades, concentrations in, 97- 

99 

mortality in, 41 

respiratory disease in, 96 

tuberculosis in, 76 

Dyspnea in silicosis, 37, 41-43 

Edge and variable compression 

filters, 313, 315 

Ejector-flowmeter for dust sampling, 

149 

Electric precipitator, for air clean¬ 

ing, 325-332 

for dust sampling, 155-160 

determination, 167, 186 

performance tests of low voltage, 

326 

Electron microscopy of dusts, 185- 

190 

Electroplating, hoods for, 251 

Elutriation for size measurement of 

particles, 182-185 

Emphysema as cause of silicotic 

dyspnea, 43 

Ethyl iodide gas, retention of, by 

man, 92 

Exhaust hoods, aerodynamics of, 

243-260 

coefficients of entry, 264 

pressure losses in, 263-265 

static suction as measure of per¬ 

formance, 255 

ventilation requirements of, 254- 

260 

zones of effectiveness, 254-260 

Exhaust systems, design of, 230-272 

effect of abrasion in, 266 

low-velocity, 266-271 

Explosive dusts, 98-103 

determination in air, 126 

fan for handling, 271-272 

Falling droplets, air flow induced by, 

235-237 

Falling materials, air flow induced 

by, 231-240 

ventilation required for, 231 

Fan, location of, for exhaust sys¬ 

tems, 272 

Feldspar, test of potency, 49 

Ferric oxide fume, permissible con¬ 

centration, 111 

Ferromanganese powder, explosi- 

bility, 102 

Fiberglas (see Glass wool) 

Filar micrometer, 177-178 

Filters (see Air cleaning; Air filters; 

Dust respirators) 

Filtration, determination of dusti¬ 

ness by, 126-129 



394 INDUSTRIAL DUST 

Filtration, theory of, 295-305 

Filtration rate, definition, 273 

Filtration velocity, definition, 273 

Flint, 77, 218, 219 

Flint knappers, silicosis among, 76 

Flocculation of aerosols, 21-26 

Flour, explosibility, 101 

size of particles, 81 

Flowmeter, ejector type, at constant 

flow, 149 

Fluoride dusts, permissble concen¬ 

trations, 106, 112 

Fluorides, 69-70 

Fly ash, size of particles, 81 

Fog, definition of, 2-3 

sea, size of particles, 81 

Food dusts, various, explosibility of, 

101 
Foundry dust, mineralogical analy¬ 

ses of sized fractions, 202-203 

mineralogy and selective settle¬ 

ment of, 85 

screen analyses of air samples, 281 

Foundry sand, free silica in, 87 

Foundry workers, healthiness of, 38, 

42, 58 

number of, in U.S., 97 

Franklinite dust, 63 

Free silica, determination of, 204-208 

determination in presence of sili¬ 

cates, 207-212 

variation with particle size in 

mixed dusts, 202-203 

Fuller’s earth, 49, 52 

Fume concentration, determination 

of, by electrical precipitation, 

155-160 

by filter paper method, 128-131 

Fume retention by man, 89-90 

Fumes, definition and physical prop¬ 

erties of, 1-30 

(See also Metal-fume fever) 

Galena, low incidence of lead poison¬ 

ing from handling, 61 

quartz, and dolomite, selective 

settlement, 86-87 

Galvanized iron, metal-fume fever 

from welding, 72 

Canister, 77 

Gilding powder, explosibility of, 102 

Glass wool, for air filters, 315-318 

effects of, 52-53 

filter pads, bacterial filtration by, 

320 

Granite cutting, dust fluctuations 

in, 115 

hoods for, 255, 257-259 

silicosis from, 47, 76 

Granite dust, composition of, 204 

inhalation by experimental ani¬ 

mals, 47 

silicotic nodules from, 37 

silicotic potency of, 47 

study at Barre, 81, 108 

Granite quarrying, time-dustiness 

studies of, 116 

Graticule for microscopy of dusts, 

178 

Gravel collection by cyclone, effi¬ 

ciency of, 292 

Grinders’ rot, 35 

Grinders, sandstone, and silicosis, 76 

Grinding, dust control in, 257 

size of particles produced by, 79 

wet, dustiness from, 219 

Gritstone, 77 

Gypsum, harmlessness of, 57 

for rock dusting of coal mines, 100 

test of potency, 48 

Hematite, test of potency, 49 

Hematite dust, 57 
Hersey reverse jet air filter, 309—311 

High-efficiency filters, 318-319 

requirements for, 295 

High-volume filter for dust sampling, 

129 
Hoods, aerodynamics of, 243-260 

pressure losses in, 263-264 

(See also Exhaust hoods) 

Hot processes, air flow induced by, 

238-243 
ventilation required for, 240-243 
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Housekeeping and dust control, 229 

Howard dust collector, 286 

Hydroblast, 219 
use of, in foundry shakeouts, 253 

Hydrofluoric acid, permissible con¬ 

centrations of, 112 

Hydrogen selenide, 67 

Hygienic survey, 113 

Immersion method for quartz identi¬ 

fication, 209-210 

Impingement, 18-19 

disaggregation and shattering by, 

134, 151-152 

dry and wet compared, 134, 151 

dust-determining apparatus, 132- 

152 

effect of jet shape, 133-135 

role of, in air filtration, 296-297 

Impinger samples, microprojector 

for counting, 154 

overlapping of particles, 138 

Impingers, effect of coating plate, 

138-146 

efficiency of, 132, 151 

by impact, 134 

Greenburg and Smith, 147-155 

midget, 150 

Inert and toxic dusts, 56, 59 

Inertial separators, 287-294 

Inflammable vapors and dusts, fan 

for handling, 271-272 

Insecticidal dusts, explosibility of, 

101 
Insecticides, 66-68 

Inversions and stack effluents, 277- 

280 

Iron oxide dust, 57 

Iron oxide fume, permissible concen¬ 

tration, 111 

Iron powder, explosibility, 102 

Jasper, 77 

Jets (see Impingement) 

Joplin, silicosis and dustiness in 

mines at, 108 

Jumper duct in low-velocity sys¬ 

tems, 268 

Kaolin, test of potency, 49, 52 

Konimeter, critical review of sam¬ 

pling by, 118 

efficiency of, 138-140 

Kotze, 135-140 

vs. thermal precipitator, 138-140 

Konimeter samples, counting, 136 

overlapping of particles, 138 

removal of nonsiliceous matter 

from, 136-137 

Lead, 60-62 

absorption of, and control, 60-62 

dust and fume, permissible con¬ 

centration, 110-111 

fumes, determination of, 128-131 

from tetraethyl lead, retention 

of, by man, 90 

metal-fume fever from, 70 

metallizing with, 61 

toxicity of various compounds, 111 

urinary concentration and per¬ 

missible dustiness, 60, 111 

Lead arsenate sprays, 66, 111 

Lead batteries, manufacture of, 

health of workers, 61 

poisoning from burning casings, 61 

Lead burning, 61 

Lead oxide, metal-fume fever from, 

70 

Lead-painted steel, risk in flame 

cutting, 61, 111 

Lead poisoning, from arsenate of 

lead sprays, 66 

from burning battery casings, 61 

prevention of, 60-62 

Lead powder, explosibility of, 102 

Light-vs. dark-field counting of dust, 
80 

Limestone, harmlessness of, 56, 58 

permissible dustiness, 110 

retention of, by man, 91 
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Limestone, for rock dusting of coal 

mines, 100 

(See also Calcium carbonate; Mar¬ 

ble) 

Litharge, permissible dustiness, 111 

Local exhaust systems, design of, 

230-272 

Local exhaust ventilation, capture 

velocity required in, 243-246 

Low-velocity exhaust systems, 266- 

271 

Luminous paint, 62 

Lung, anatomy of, 31-33 

analysis, in silicosis, 103-106 

cancer of, from dusts, 46, 63-66 

Lymph nodes and dust deposits, 34 

Magnesite, harmlessness of, 56 

Magnesium carbonate, harmlessness 

of, 56 

Magnesium founding, fluoride con¬ 

centrations in, 112 

fluorides used in, 69 

Magnesium oxide, metal-fume fever 

from, 70 

Magnesium oxide fume, flocculation, 

21, 23 

permissible concentration, 111 

retention of, by man, 90-91 

Magnesium powder, explosibility, 

102 

Make-up air, in exhaust systems, 263 

Manganese compounds, permissible 

dustiness, 110 

Manganese dioxide, dust, effect of, 

63 
metal-fume fever from, 70 

permissible dustiness, 110 

Manganese powder, explosibility, 

102 

Manhattan Project, 63 

Marble, dust, flocculation, 21, 23 

harmlessness of, 56 

permissible dustiness, 109 

solubility of, 56 

(See also Calcium carbonate) 

TAL DUST 

Mass median diameter of particles 
81 

Materials handling, dust control in, 
221-226 

and ventilation requirements, 231- 

238 

Maximum allowable concentrations, 
106-112 

May’s graticule, 178 

Mechanization and dust control. 227 

Medical control and dustiness, 213 

Melanosis, Stratton’s description of, 

53 

Membrane of molecular filters, 129— 

132 

Mercury, permissible concentration, 

112 

Metal dusts, apparatus for determin¬ 

ing in air, 128 

Metal-fume fever, 31, 70 

effect of deep breathing, 70, 92 

importance of dispersion and par¬ 

ticle size, 71 

Metal fumes, permissible concen¬ 

trations, 111 

sampling by electric precipitator, 

160 

sampling by filter paper method, 

127-129 

Metal industries, silicosis in, 42 

Metal miners, silicosis among, 41-42 

Metal powders, explosibility, 102 

size determination by Roller’s 

method, 170 

Metallizing, 61 

Mica, effects of inhaled, 52 

test of potency, 49 

Microscopy of fine particles, 171-199 

Midget impinger, 150 

vs. molecular filter, 132 

Mill fever, textile, 75 

Mineral dust, determining on paper 

filters, 128-129 

staining of, 212 

Mineral wool, effects of, 52 

Mineralogical analysis of dust, 200- 

212 
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Minerals, various, men exposed to 

dust of, 96-98 

Miners’ asthma, 35 

Miners’ phthisis, 35, 103, 107 

(See also Pneumoconiosis; Sili¬ 

cosis) 

Mining, dust exposure in, 40-45, 96- 

98 

number of men engaged in, 96-98 

use of water in, 218 

Minute volume and respirators, 32, 

338-340 

Mist, definition of, 2-3 

physical properties of, 1-30 

Mists, insecticidal, for spraying, 66- 

68 

Molecular filter, for dust sampling, 

129-132 

for particle size determination, 167 

Mounting media, 173-174 

Mucking, dust control in, 218 

Mullite, toxicity of, 51, 52 

Nose as dust filter, 89 

Olivine, effects of breathing, 52 

Opal and silicosis, 77 

Organic dusts, effects of breathing, 

72-74 

explosibility, 101 

Oscillating thermal precipitator, 161 

size measurements with, 167, 186 

Oscillation of particles in electric 

field, use of, in size measure¬ 

ments, 188-189 

Owens’ jet dust counter, 140-142 

criticisms of dimensions, 142 

efficiency of, 140 

shattering of particles by, 141 

vs. thermal precipitator, 141-142 

Oxygen consumption by man, 32 

Paint-spray mask (air-line respira¬ 
tor), 334, 344 

397 

Paint spraying, capture velocities re¬ 

quired in controlling, 257 

Particle size, determination of, 166- 

199 

by count-weight method, 190 

by elutriation, 182-185 

by microprojection, 178 

from pipe lines, 166 

from still air, 167 

graphical representation of, 190- 

199 

physiological limits of, 82 

and polarization, 26-28 

statistical analysis, 190-199 

Particles, acceleration in air, equa¬ 

tions, 10-12 

diameter of, 179, 190-191, 194 

drag coefficient vs. Reynolds num¬ 

ber, 5-6 

dynamic projection, 14 

dynamics of, 4 

movement in centrifugal field, lb- 

17 

movement in electric field, 19-20 

resistance to travel in air, 5 

stirred settling of, 15 

Pease-Anthony Venturi scrubber, 

323 

Pegmatite, effects of inhaled, 52 

Penetration in filters, definition, 273 

Permissible dustiness, 106-112 

Petrographic analysis of fine dusts, 

208-212 

Phagocytes containing dust, 33 

Phagocytosis of quartz and carbon, 
35 

Phosphorus compounds, permissible 

concentration, 112 

Photographs, use of, in surveys, 121 

Phthisis, miners’, 35, 103, 107 

(See also Pneumoconiosis; Silicosis) 

Piping, design and construction for 

exhaust systems' 260-271 

Plastics, explosibility of dusts of, 101 

Pneumoconiosis, 31-54 

benign, 58-59 

definition, 35 

epidemiology and etiology, 35-47 
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Pneumoconiosis, physical and chemi¬ 

cal factors in, 70-88 

Polarization of light by dust par¬ 

ticles, 26-28 

Pollen, allergic reaction from breath¬ 

ing, 72 

Pollen asthma, prevention by wear¬ 

ing respirator, 72 

Porosity of filters, definition, 273 

Porton graticule (May), 178 

Portland cement (see Cement) 

Potassium bichromate, effect of, 64 

Potteries, 96, 98, 218 

Powders, specific surface of, 189 

Precipitator ash, test of potency, 49 

Protector dusts, Gardner’s, 49 

Pumice, 52 

Pyrophyllite, 49, 52 

Q, air-flow, determination of, for 

process control, 257-262 

Quarry operatives, silicosis among, 

41-42 

Quarry workers in U.S. and Britain, 

, 97-98 

Quartz, content of mixed dusts and 

particle size, 202-203 

cytocidal power of, 37 

determination of, 204-212 

occurrence and properties of, 76- 

79 

permissible concentration, 107- 

110 
phagocytosis of, 35 

potency of various size particles, 

82-83 

and selective settlement, 86-87 

and silicosis, 76 

test of potency, 48 

Quartzite, 77 

Radioactive dust, 62 

determination in air, 124, 130 

Recirculation in air filtering, 281— 

282, 312-313, 315-320 

Refractive indices, of mounting 

media, 173-174 

Resin-impregnated filter, for air 

cleaning, 318 

for dust respirators, 333, 337 

Resistance of air cleaners, definition, 

273 

Respiration and dust inhalation, 31 

Respirators, 336-346 

cost and upkeep, 345-346 

valves for, 341-342 

(See also Dust respirators) 

Respiratory cycle and respirator 

testing, 338-340 

Reverse-jet air filter, 309-311 

Ricin in castor-oil beans, 73 

Rock drilling, dry and wet, 57, 216 

New York code covering, 109, 117 

permissible dustiness in, 109 

for producing dust clouds, 24, 274 

screen analysis of dust from, 280- 

281 

size of particles produced by, 80 

time-dustiness studies of, 116 

Rock dusting of coal mines, cost of, 

101-102 

Rock wool, 53-54 

Roller air analyzer, 169 

Sand, collection by cyclone, effi¬ 

ciency of, 293 

as free silica, 77 

test of silicotic potency, 48 

Sandblasting, helmet, 344 

introduction of, 58 

safety in, 216 

silicosis from, 216 

Sandstone, 77 

Sawdust, 73-74 

Schneeberg and Joachimstal mines, 

63 
Screen analysis of dusts, 168 

Scrubbers, inertial, 322 325 
mechanical-centrifugal, 321-322 

Scrubbing of air for cleaning, 321 

327 
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Sedgwick-Rafter cell for dust count¬ 

ing, 153 
Sedimentation cell, 125 

Selenium, 66-67 
coating of dusts for microscopy, 

174-177 
compounds, permissible concen¬ 

trations, 112 

Separation factor, 17, 288-289 

Sericite, in dusts, 84-85 

test of potency, 49 

Settlement, determining dustiness 

by, 123-126 

Settling chamber, gravitational, 283- 

287 

Settling velocities, 7-9 

Shale dust, size of particles, 81 

test of potency, 49 

Shape of irregular particles, defining, 

199 

Shattering of particles by impinger, 

152 

Shaver’s disease, 51, 215 

Shot blasting, introduction of, 58, 

216 

Siderosis, 35, 57 

Silica, colloidal, toxicity of, 50, 77 

determination, 204 

free and combined, definition, 204 

fumes, toxicity of, 50-51 

in lungs of silicotics, 103-106 

metabolism of, 78 

permissible concentration, 107- 

110 
occurrence and properties, 77 

and silicosis, 76 

solubility of, and silicosis, 77 78 

Silicates, determination of free silica 

and, 207-212 

toxicity of, 51-53 

Silicatosis, 35, 52 

Silicon alloys, silicosis in manufac¬ 

ture of, 50 

Silicon carbide, harmlessness of, 77 

test of potency, 49 

Silicosis, aluminum therapy in, 49 

definition, 35 

in dusty trades, 41-42, 96-98 

Silicosis, dyspnea in, 41 

employability of men with, 41 

etiology of, 47 

fibrotic nodules in, 36-37 

length of exposure to produce, 38, 

40 

lung analysis in, 104-105 

mortality from, in Britain, 38-39 

in old and young workers, signifi¬ 

cance of, 43 

and other pneumoconioses, 35 

particle size and potency, 79-83 

permanence of, 36 

permissible dustiness to prevent, 

107 

prevention of, 47 

and tuberculosis, 36-41, 43 

uncomplicated, rarity of, 37 

Silicosis Act (British), 57 

Sillimanite, effects of breathing, 52 

Size frequency of particles, 190-199 

Smoke, definition of, 2-3 

Soap powder, explosibility, 101 

Soapstone, test of potency, 49 

Sodium bichromate, effect of, 64 

South African gold mines, dust 

sampling in, 84, 118-120 

permissible dust in, 107 

silicosis in, 103, 107 

Specific surface of particles, count 

vs. weight, 194 

measurement of, 189 

Spencer haemocytometer, 153 

Stack discharge, 277-280 

control of, 282 

Staining of mineral dusts, 212 

Starch, explosibility, 101 

Steel shot for abrasive blasting, 58, 

216 

Stone cutters, silicosis among, 42- 

43 

Stone ladder to reduce dust scatter¬ 

ing, 222 

Stonecutting, dust control in, 255, 

257-259 

Streamline motion of particles in air, 

7-9 



400 INDUSTRIAL DUST 

Submicroscopic particles, measure¬ 

ment of, 188 

Sub-sieve sizes of dust, elutriation 

of, 183-185 

Sugar tube for dust determination, 

12G 

Supplied-air masks, 333-346 

Surface-area measurement of par¬ 

ticles, 189-1'JO, 194 

Surge bin, use of, in ore handling, 

236 

Synthetic abrasives as substitute for 

sandstone, 215 

Talc, collection by cyclone, efficiency 

of, 293 

effects of inhaled, 52 \ 

test of potency, 49 

Tellurium, 66-67 

compounds, permissible concen¬ 

trations, 112 

Textile dusts, 74-75 

Textile mills, bacteria in air of, 124 

Thermal precipitation, 21 

Thermal precipitator, 160-162 

vs. Bausch and bomb counter, 

144 

vs. cascade impactor, 146 

vs. konimeter, 138-140 

vs. Owens’ counter, 141-142 

for particle size determination. 167 

Tin oxide, benign pneumoconiosis 

from, 59 

Tin powder, explosibility, 102 

Titanium powder, explosibility, 102 

Tobacco smoke, determination of, 

by electric precipitator, 159 

effect of turbulence on settling, 25 

retention of, by man, 90 

Trachea, air velocity in, 92 

anatomy of, 31-33 

Trail smelter, 278 

Transfer points, capture of dust at, 

257 

Transporting velocities for various 

materials, 263 

1 raprock, test of potency, 49 

Tridymite, 77 

Tripoli, test of potency, 48 

Tuberculosis in dusty trades, 76 

Turbulent motion of particles in air, 

7-9 

Two-stage precipitators, 330-332 

Tyndall beam, 26-30 

Tyndallmeter in dust studies, 27 

Uranium oxide dust, deposition and 

retention of inhaled, 94 

Vanadium, 68-69 

Velocity contours of ^xhaust hoods, 

246-260 ' 

HiiScoiiS filters, 3T5-318 

"Votflanic ash, test of potency, 49 

Volume of particles, count vs. 

weight, 194 

Water jets, high-velocity, for clean¬ 

ing castings, 253 

Water sprays, dust control by, 219 

particle size of, 81 

Weighted average dust exposures, 

115 

Welding fumes, 111-112 

causing benign pneumoconiosis, 

58-59 

Wet abrasive blasting, 219 

Wet collectors, 324-327 

Wet drilling, 216-218 

introduction of, in Britain, 57 

Wet grinding. 219 

Wettability of dusts, fumes, and 

mists, 323-325 

Wetting agents, 220 

Whipple disk for dust counting, 152 

Wood bark, asthma from spores in, 

74 

Wood dust, 73 
Wood waste, collection by cyclone, 

efficiency of, 293 
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Zinc oxide fume, permissible concen- X-ray, appraisal of silicosis and as- 

bestosis by, 38 

X-ray diffraction analyses, 210-211 

Zinc oxide fume, effect of turbulence 

on settling, 25 

metal-fume fever from, 70-72 

particle size of, 81 

tration, 111 

retention of, 92 

Zinc powder, explosibility of, 102—103 

Zinc refining, electrolytic, arsine 

from, 72 

Zinc smelting, health of workers in, 

72 

Zirconium powder, explosibility, 102 
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